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Abstract 
Applications of single walled carbon nanotubes (SWNTs) have been limited by their heterogeneity and 
the lack of selective assembly methodology. A selective SWNT junction formation was achieved by 
fullerene (C60) end-capped linker connecting SWNTs via their open ends. The SWNT junction was 
demonstrated in both single solvent (N-methyl pyrrolidone, NMP) and binary solvent mixtures (NMP 
and toluene). Initially, bis-fullerene linker was prepared following existing literature. However, 
spectroscopic characterisation revealed that the reaction between azide terminated PEG and C60 yield a 
novel closed ring structure rather than the linear dumbbell structure. The chain length of the PEG was 
found to be the key in the resulting structure of the adduct. Alternative synthetic methods were sought 
and the multifullerene end-capped linkers were synthesised via an one-step catalytic transesterification 
between polyethylene glycols (PEGs) and phenyl-C61-butyric acid methyl ester (PCBM) with a catalytic 
amount of dibutyltinoxide. Polydisperse and monodisperse branched PEGs were employed in the 
synthesis and purification was only achieved in the latter material. Both linear and star shape linkers 
were employed in the assembly process and the resulting SWNT junctions were characterised by atomic 
force microscopy (AFM). The SWNT junctions were found to be mainly localised on the body of the 
SWNT to give a ‘head-to-body’ assembly rather than the desired ‘head-to-head’ assembly, due to SWNT 
defects. While exploring the SWNT dispersion in organic solvents, a side reaction was observed during 
the sonication of NMP, causing significant contamination issues in AFM sample and high temperature 
annealing was found to be useful in improving sample quality. IR and UV-vis absorption spectroscopy 
revealed that NMP might polymerise during sonication, most likely due to amide bond cleavage. In 
addition, the resulting polyamide originated from NMP might play an important role in the dissolution of 
SWNT and other nanomaterials in amide solvents.  
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Introduction 
This research was originated from the lack of methodology in controlling the assembly of single walled 
carbon nanotubes (SWNTs) to produce well-defined SWNT structure which limited further development 
of SWNT applications. The heterogeneity issue in as-produced SWNTs have been improved by a wide 
variety of techniques developed in recent years. Various non-destructive exfoliations have been 
reported for high yield individualization of SWNTs while preserving the integrity of the SWNT structure, 
thus, high quality SWNTs are now widely available. Unfortunately, existing SWNT assembly methodology 
do not produce SWNT junctions of well-defined structure, instead, randomly aligned SWNT networks 
are often formed. Due to SWNT surface heterogeneity, connecting SWNTs via surface chemistry is often 
uncontrollable in which alternative methods must be sought. Fullerene insertion into the SWNT cavity 
has been studied extensively. Since there is a strong van der Waal’s interaction between fullerene and 
SWNTs, fullerenes insert into SWNTs readily. The concept of using covalently connected fullerene 
molecules to join SWNTs has not been proposed before, in which it should provide a unique route to 
control the formation of SWNT-SWNT junctions. By controlling the SWNT-SWNT junction formation, it is 
possible to produce well-defined hierarchical SWNT structures. This technology should enable the 
fabrication of SWNT devices which require highly ordered SWNT structures. 
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Aims and Objectives 
The main aims of the thesis are described below; 
 Prove the concept of SWNT junction formation with structural directing fullerene end-capped 
linkers. 
 Further develop SWNT junction formation to control the geometry with different number of 
linkages. 
 Characterise the (opto)-electrical properties of the resulting SWNT junctions. 
 
Structure of Thesis 
The thesis contains 8 chapters which include; Chapter 1 which provides an overview of the thesis 
including current challenges in SWNTs research. Chapter 2 details current literature on peapod and 
fullerene functionalisation chemistry. Characterisation techniques used in this thesis are discussed in 
Chapter 3. Chapter 4 focuses on the synthesis and characterisation of simple bis-fullerene end-capped 
linkers following exiting literature. Developed methodologies to synthesise simple fullerenes end-
capped linkers are detailed in Chapter 5. SWNT dispersions preparation and contamination issues are 
reported in Chapter 6. Chapter 7 details SWNT junction formation with a novel solution phase filling 
method. Culminating with Chapter 8 conclusions and future studies. 
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Chapter 1 – Literature Review 
1.1 Carbon Nanomaterials 
Sp2 carbon nanomaterials namely fullerene (1985)1, carbon nanotubes (CNTs) (1991)2 and graphene 
(2004)3 have raised significant interest for their superior (opto)electrical and mechanical properties 
attracting huge investment4. A “family tree” of known carbon nanomaterials showing the relationship 
between these carbon nanoforms is illustrated in Figure 1.1. 
 
Figure 1.1 – Schematic diagram of carbon nanomaterials and their relationship to each other5. 
 
All sp2 carbon nanomaterials can be visualised from a single starting material – graphene. Graphene 
solely consists of sp2 carbon arranged in a one atom thick, two dimensional sheet. A single walled 
carbon nanotube (SWNT) is formed when the flat graphene sheet is rolled, if multiple graphene sheets 
are stacked together and wrapped up concentrically, a double or multi-walled carbon nanotube 
18 
 
(DWNT/MWNT) is formed. SWNTs may be open ended or capped with a hemi-fullerene structure6. 
Graphene and carbon nanotubes have sp2 carbons hexagonally arranged (akin to benzene); when a 
pentagon is introduced into the system it induces curvature, subsequently, if more pentagons are 
introduced, a spherical shape fullerene is formed.  
Despite extensive research and development of carbon nanomaterials, limited applications have been 
successfully transformed from lab-scale to mass production. One of the first real-life applications of 
CNTs was incorporation into a tennis racket to act as a nanoreinforcement with low density7. The major 
challenge of incorporating carbon nanoforms into real-life application is the lack of processability and 
agglomeration issues8. Unlike conventional macro- or small- molecule system where there are 
standardised processing methodologies, the nanometre scale requires new processes due to 
significantly stronger intermolecular interactions9. Often nano-carbon species are synthesised in a 
bottom-up method to form a bulk material8, however, it is difficult to exfoliate individual nano-species 
from the bulk materials. Attractive intermolecular force, mainly van der Waal’s (VDW)9,10 interactions 
between the nano-species are sufficiently strong that destructive methodologies are routinely needed 
to isolate and individualise species11-13. 
1.2  Properties of Single Walled Carbon Nanotubes (SWNTs) 
SWNTs have been found to have exceptional chemical, mechanical and (opto)electrical properties8,14. 
CNTs typically have a high aspect ratio15 and have high surface area16 (on the order of 1300 m2g-1). 
SWNTs have a reported tensile strength of 52 GPa and Young’s modulus17 of 1470 GPa which makes it a 
candidate for reinforcement in composites. The SWNT family has around 2500 species which are 
defined by the chiral vector (n, m), and the angle which the graphene sheet rolls, the chiral angle(θ)8 
(Figure 1.2). SWNTs exhibit both metallic (m-SWNTs) and semi-conducting (sc-SWNTs) characteristics 
determined by the chiral vector (n, m), such that n–m is a multiple of 3, the SWNT is metallic and the 
19 
 
remaining combinations are semi-conducting SWNTs resulting in a 1/3 metallic species and 2/3 semi-
conducting species. 
 
Figure 1.2 – SWNT chirality map with different (n, m) vector (left). Three possible SWNT structures 
derived from different (n, m) combinations (right). Armchair SWNT (n = m, n, m > 0, θ = 30o); Zig-Zag 
SWNT (n > 0, m = 0, θ = 0o); Chiral SWNT (n ≠ m ≠ 0, 0 ≤ θ ≥ 30o)13. 
 
Metallic SWNTs are excellent ballistic conductors due to quantum confinement at the nanoscale 
(electrical conductivity of m-SWNTs, 1 – 3 x 106 Sm-1)18,19 with a highest reported theoretical value for 
SWNTs thermal conductivity of 6600 W mK-1. SWNTs diameters range from 0.4 nm to around 5 nm20,21, 
with the larger diameter SWNTs collapsing due to atmospheric pressure. SWNTs length can vary 
dramatically and can be as long as several centimetres (maximum reported SWNT length 18.5 cm)22. 
1.3 Current Electronic and Encapsulation Applications of SWNTs 
A number of applications have been developed with SWNTs including transparent and flexible 
electrodes, supercapacitors, field-effect transistors (FETs) and chemical sensors14,23-25. Majority of these 
applications are electronic which involve SWNT networks or individual SWNT as an electrode or 
conducting component. SWNTs network based transparent conducting film have been studied 
extensively, they are proposed as a potential replacement for indium tin oxide (ITO)26 which is currently 
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the industry standard. Flexibility is the major advantage for using SWNTs as a transparent conducting 
thin film to develop flexible electronic devices (ITO coating is very brittle and it is unsuitable for flexible 
displays). Semi-conducting SWNTs are an excellent candidate for field-effect transistor (FET) due to the 
small size and electron mobility27. Sub-10 nm SWNT FET has been prepared and their performance 
exceeds traditional silicon based devices28. High surface area of SWNTs have been widely exploited in 
chemical and biological sensors29,30, as they offer an ideal docking site for incoming molecules in both 
gaseous and solution phase. The most promising inclusion of CNTs is in their use in lithium ion batteries, 
as even small CNT loading in electrodes has shown to increase electrical conductivity31. 
 
Figure 1.3 – Examples of SWNTs encapsulation, from top left corner (anti-clockwise), molecular 
hydrogen (H2), water, methane, fullerene C60 and oligothiothene. 
 
SWNTs have been shown to encapsulate a number of molecules into their inner cavity, from simple 
organic molecule to inorganic compounds32-34 (Figure 1.3). A classic example of endohedral SWNTs is 
C60@SWNT which is commonly known as ‘peapod’
35. A promising theoretical study by Maniwa et al.. 
illustrated SWNTs readily uptake water into their cavity which could be applied in water purification36. 
Examples of drug molecules encapsulated by SWNTs illustrated the use of a fullerene derivatives as a 
cork, which has the potential to be further developed into self-release drug carrier37.   
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1.4 SWNTs Synthesis 
Synthesised SWNTs contain both metallic and semi-conducting species8, but electrical application 
required extremely pure SWNT samples that ideally contain either metallic or semi-conducting species38 
dependant on final use in devices. As-produced SWNTs require post-synthetic purification to separate 
SWNTs into different diameter, length and helicities39. In a typical SWNT synthesis, a catalyst is required 
to grow the SWNTs which remain inside the tube. Other contaminant produced in the bulk are catalyst 
particles which failed to synthesis SWNTs and unwanted carbonaceous materials (amorphous carbon 
and graphitic carbon particles)40. Removal of these contaminants are essential when SWNTs are used in 
electrical applications41. There are numerous post-synthetic purification procedures (see section 1.5) but 
yields are low, making the processes inefficient and unsuitable for large scale purification. Until selective 
SWNT synthesis is available, post-synthetic purification has to be applied. 
There are three major synthetic methods for SWNT synthesis, electric arc-discharge2,6, laser ablation42 
and chemical vapour deposition (CVD)43, with each technique have their advantages and disadvantages. 
All SWNT synthesis methods grow SWNTs which have a distribution of diameters, lengths, helicities with 
varying degrees of SWNT quality. In addition, most techniques have significant batch to batch synthesis 
variation. Electric arc-discharge and laser ablation are the two techniques which generally give larger 
SWNTs diameter distributions. In the arc-discharge method SWNT synthesis is carried out by applying a 
high voltage across graphite electrodes which in the presence of a catalyst ejects SWNTs as well as other 
carbonaceous materials. In laser ablation SWNT synthesis a laser is focused onto a carbon substrate, 
maintained at a high temperature, which ejects carbon vapour that may form SWNTs (in the presence of 
suitable catalyst). In arc-discharge and laser ablation methods a huge amount of thermal energy is 
generated which produces SWNTs which are highly graphitic. Laser ablation method is expensive to 
operate and maintain and no laser ablation synthesised SWNTs are available commercially. Commercial 
available arc-discharged SWNTs are contaminated heavily with amorphous carbon and graphitic 
particles increasing the post synthesis process requirements. 
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Chemical vapour deposition (CVD) process has become the dominant method to produce SWNTs. CVD 
operates at a (relatively) lower temperature (800 – 1200 oC) when compared to arc/laser synthesis and 
SWNT growth may occur in the gas phase or on substrates (typically SiOx-Si). CVD systems are dynamic, 
resulting in large variation of synthesis conditions which include carbon source, carrier gas, catalysts, 
temperature, pressure and choice of substrate all of which will have an effect on SWNTs produced43. 
The most successful commercially available SWNT produced are HiPco (high pressure carbon 
monoxide)44 and CoMoCAT (cobalt & molybdenum bicatalyst)45 SWNTs. In general, both HiPco and 
CoMoCAT SWNTs contain lower carbonaceous and metal catalyst particle contaminants in the raw bulk 
synthesised material when compared to laser and arc synthesis processes. Recent development of 
SWNT CVD synthesis suggests that selective diameter and possibly chiral vectors can be produced46,47,48. 
Selective SWNT synthesis is in its infancy and subsequently there is limited availability. 
1.5 Purification and Separation Techniques 
Since the selective SWNTs synthesis is still in an early stage, post-synthetic sorting of SWNTs is necessary 
to obtain purified SWNTs with certain diameter, length, helicities and electronic properties: metallic or 
semi-conducting. Various methods have been proposed in the past 10 years for SWNT sorting including 
gel chromatography49, dielectrophoresis50, density gradient ultracentrifugation51,52 and covalent 
functionalisation50,53,54. SWNTs dispersions with certain diameter range and specific electronic species 
have been prepared successfully using chromatography55-57. Iterative chromatography may give a 
narrower diameter range and enhanced electronic selectivity. Simple dielectrophoresis separates 
metallic species from semi-conducting species. The relative dielectric constant of metallic species is 
larger than that of semi-conducting SWNTs; thus, metallic SWNTs have a stronger response to the 
external electric field and are preferentially separated out first50. Due to the difference in dielectric 
constant, metallic and semi-conducting species were found to have very different reactivity in certain 
chemical reactions such as diazonium salt addition58,59. The difference in reactivity between metallic and 
semi-conducting SWNTs offer an opportunity to separate the two species as the resultant covalently 
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functionalised m-SWNTs and sc-SWNTs are expected to have different solubility depending on the 
grafted species60,61. The major technique in sorting SWNTs is density gradient ultracentrifuge (DGU)39 
(Figure 1.4). Surfactant was found to have a preference in wrapping SWNTs with different electronic 
characters due to the difference in dielectric constant. Using one or more surfactants in SWNTs 
dispersion will then introduce a difference in surface coverage between metallic and semi-conducting 
SWNTs. This gives rise to a difference in density between fully covered or partially covered SWNTs. 
Ultracentrifugation with various density gradients can then be used in the separation of the denser 
species via sedimentation. Collection of the purified SWNTs (metallic and semi-conducting species) can 
be made easily as these highly enriched species have a distinctive colour51. SWNTs with different 
diameter could also be separated out using this method as large diameter SWNT have a lower curvature 
which allows more surfactant coverage52. Being able to separate electronic types and diameter in 
SWNTs makes DGU one of the most popular methods in SWNTs sorting. However, DGU is not scalable as 
only a small amount of SWNTs could be processed in each cycle and more importantly, it requires a 
good quality, highly individualised SWNT dispersion as a feedstock. Such dispersion is difficult to make 
as discussed in the next section. 
 
Figure 1.4 – (a) schematic representation of surfactant wrapped, individual and bundled SWNTs. (b) 
Schematic representation and photographs of SWNTs diameter separation by density gradient 
ultracentrifugation (DGU). Aqueous SWNT dispersion is placed between a continuous density gradient (0 
hr). Fractions of SWNTs started to separated according to their density and eventually yield distinct 
band of SWNTs containing highly enriched SWNTs with certain diameter (12 hr)62. 
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1.6 SWNT Exfoliations 
Exfoliation of SWNTs into individual SWNT has always been a major bottleneck in SWNTs processing. 
The strong VDW intermolecular force binds individual SWNTs together to give a SWNT bundle. Various 
exfoliation techniques have been proposed to prepare individualised SWNT dispersions. Specific 
functional groups can be grafted onto the surface to introduce the desired solubility in either organic or 
aqueous solvents13. Oxidation could also be employed to increase SWNT solubility in water63. This idea 
was originally designed to purify SWNTs. Nitric acid is originally employed to remove transition metal 
catalyst and amorphous carbon64, however, nitric acid treatment also oxidise the SWNTs and introduce 
carboxylic group on the surface65. Prolonged treatment eventually leads to complete SWNTs destruction 
and formation of more amorphous carbonaceous materials66,67. Other binary acid systems have also 
been tested such as mixtures of conc. H2SO4/HNO3 or H2SO4/H2O2 and the results are comparable
68,69. 
The carboxylic groups on the surface can be attacked by nucleophiles and subsequently introduces 
secondary functional groups70. However, these oxidised or functionalised SWNTs may not be suitable for 
all SWNT applications.  
Sonication of SWNTs in either organic or aqueous solvent is another major approach towards exfoliation 
of SWNTs11,71. Surfactants are normally introduced into the system to act as an interface between water 
and SWNTs72. Surfactants can be divided into different categories (cationic, anionic or neutral). Typical 
surfactants used in SWNT dispersions are sodium dodecyl sulphate (SDS)72, sodium deoxycholate 
(NaDOC)73 and sodium dodecylbenzene sulphonate (SDBS)74. They are anionic surfactants in which the 
head group contains a negative charge to repel each of the surfactant wrapped SWNTs. 
Surfactant/SWNT dispersions are prepared by sonicating SWNT with a small loading of surfactant 
(ranging from 0.5 up to 2 wt%) in solution. Polymeric wrapping agent can also be incorporated into 
SWNT system to aid SWNT dissolution75. A typical example of such polymeric surfactant system is 
deoxyribonucleic acid (DNA) wrapped SWNT71,76. Similar to the simple small molecule surfactant 
wrapped SWNTs, the negative charge on the phosphate-deoxyribose backbone introduces a repulsive 
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force between the wrapped SWNTs. Up to this point, all surfactants mentioned above wrap around 
SWNTs via VDW intermolecular force. The surrounding surfactants form a shield around SWNTs surface 
and reduce direct SWNT-SWNT contact. Hence, removal of surfactant molecules is often needed in 
order to improve electrical conductivity of the SWNT networks. Surfactants can either be removed by 
dialysis in a medium with much lower surfactant concentration or simply washing with ethanol (EtOH) if 
SWNTs are deposited on a substrate. Extra caution should be taken when dialysing surfactant wrapped 
SWNTs as the SWNTs start to rebundle as the surfactants concentration drops. 
Other organic polymers have been introduced onto SWNT surface to give the desired solubility in 
specific solvents. In this approach, the polymers are covalently attached to the SWNT surface and these 
polymeric species are often generated in situ polymerisation from their corresponding monomers77. 
These covalently functionalised SWNTs may still require a small degree of sonication to achieve good 
quality dispersion.  
Sonication is typically carried out in either an ultrasonic bath or a tip-horn sonicator78,79 for minutes to 
several hours to achieve individualised SWNT dispersions with different length distribution. Sonication 
of solvent results in cavitation bubble formation which is extremely important to SWNT exfoliation80. As 
the cavitation bubbles collapse, a strong sheer force is exerted on any near-by SWNT bundles. Any 
SWNT within the bundle closer to the cavitation bubble would be pulled out from the bundle. The 
individualised SWNT can then be wrapped by surfactants to prevent rebundling. 
Once the SWNTs are dispersed into solvents by sonication, a centrifugal force is often applied to remove 
large SWNT bundles and dense metal catalyst particles39. There are various recipes for such 
centrifugation, varying mainly in centrifugal force (speed and rotor dependant) and time. In general, 
metal catalyst particles can be easily separated by centrifugation due to the significant difference in 
density between metal and carbon62. Unfortunately, amorphous carbon and other graphitic carbon 
species have similar densities to that of individual SWNTs which limits the ability of centrifugation to 
26 
 
separate them. In general, there are two ways to remove amorphous carbon from SWNTs before SWNT 
dispersion preparation40. The traditional approach is thermal oxidative degradation of amorphous 
carbon41 since amorphous carbon degrades at lower temperature (in air) than SWNTs. Nitric acid is 
capable of oxidising most carbon species including both amorphous carbon and SWNTs due to its strong 
oxidising power63. Acid treated SWNT sample are often washed and collected by vacuum filtration; 
additional base washing (0.01 M NaOH) removes the oxidised amorphous carbon debris more efficiently 
than water81. 
Mild exfoliation techniques can involve either chemical82 or electrochemical reduction of SWNTs83,84. 
Charging SWNTs (electro)chemically into to SWNTsn- (nanotubides) induces SWNT-SWNT separation due 
to charge repulsion. However, nanotubide should be kept under inert atmosphere (typically N2 or Ar), as 
they are quenched by moisture in ambient conditions producing hydrogenated SWNTs84. 
1.7 Current Examples of SWNTs Assembly 
The concept of joining SWNTs has been discussed for the last 10 years but only limited examples of 
selective SWNT assembly exist in the literature and they are summarised below. 
1.7.1 Direct Synthesis 
 As bulk SWNTs are often associated with purity and heterogeneity issues, one of the most direct 
methods to control individual SWNTs alignment is direct synthesis of SWNTs onto a desired substrate38. 
This method is typically employed in device fabrication where only small quantities of SWNTs are 
needed. Although the in situ synthesis methods of SWNTs are able to produce individual SWNTs38, 
example of as-grown SWNT networks are also known85,86. In both cases, the as-grown SWNTs were 
selectively grown on a pre-deposited catalyst surface. This approach normally consists of three steps86; i) 
lithography, patterning the surface to cover a specific area. ii) Deposition of metal catalyst particles onto 
the desired location. iii) Direct synthesis of SWNTs by means of a chemical vapour deposition (CVD) 
process. Macpherson et al. has demonstrated successful SWNT network growth and developed nitric 
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acid etching to remove amorphous carbon and catalyst particles to increase electrode performance85,87. 
Rosenbett and Dai et al. both reported successful individual SWNT based field effect transistor 
(SWNT-FET) which opened up a new phase of SWNT-FET development88. However, the as-grown SWNTs 
could be either metallic or semi-conducting; metallic SWNTs contamination would greatly reduce the 
performance of a FET89. Dai et al. then went on to improve the system and managed to grow highly 
enriched semi-conducting SWNTs using plasma enhanced chemical vapour deposition (PECVD) and 
enriched metallic SWNTs using laser a ablation system90,91. It has been shown that growing SWNTs in situ 
is possible at laboratory scale92, however, this process is extremely unlikely to become an industrial 
process due to a small number of SWNT FETs could be fabricated at the same time. Although the 
SWNT-FET showed promising performance over conventional Si based transistors, producing a single 
transistor does not give any real benefit to real life applications. It is important to develop a method to 
produce multiple-SWNTs devices with highly ordered SWNT alignment in a single process. 
 
Figure 1.5 – (a) Schematic illustration of an individual SWNT based field effect transistor (SWNT-FET). (b) 
Optical image of an array of individual SWNT based FET. (c) Scanning electron microscope (SEM) image 
of a single individual SWNT-FET, inset is a zoom in image showing clear SWNT contact to the gates92. 
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1.7.2 Electron Beam Assisted Assembly 
It is well known that oxidation introduces defects onto SWNT surfaces. High energy radiation can also 
induce structural damage in SWNTs93. It has been shown that when SWNT bundles are irradiated under 
an electron beam (inside a TEM), the SWNTs start to fuse together and eventually coalesce into large 
diameter SWNTs94. In a typical dispersion drop cast SWNTs sample, SWNTs may rest on top of another 
SWNT. Under irradiation, the SWNTs can then fuse together at the point they touch to give a SWNT-
SWNT junction95. Using this method, it is even possible to create SWNT junctions between two SWNTs 
with very different diameter (Figure 1.6). However, there is no control on the location of where the 
SWNTs touch each other. Therefore, this method does not offer selective SWNT junction formation. In 
addition, the electron beam also induces structural defects and eventually destroys the SWNTs96. Most 
of the previously discussed methods have been performed in a transmission electron microscope on a 
junction-by-junction basis, making it very difficult to scale up. 
 
 
Figure 1.6 – Schematic illustration of SWNT-SWNT junctions and the corresponding TEM images. The 
newly formed defect sites (labelled in red) indicate where the SWNT-SWNT junctions initiated95. 
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This method has also been employed to form junctions between multiwalled carbon nanotubes 
(MWNTs)97,98. In the presence of cobalt (Co) particles embedded in a MWNT sample, strong electron 
beam radiation was found to fuse MWNT onto Co particles to create a heterojunction (MWNT–Co–
MWNT)99. 
 
Figure 1.7 – TEM images of electron beam assisted MWNTs junction formation. (a) Two MWNTs 
overlapped with a Co particle encapsulated in one MWNT. (b) After irradiation, the two MWNTs fused 
together via a Co centre to give a 4 MWNT junctions99. 
 
1.7.3 Direct Assembly of SWNTs 
SWNT surface chemistry is often uncontrollable, and therefore attempt to link SWNTs via surface 
attachment is unlikely to be controllable. The ends of SWNTs are comparably more reactive towards 
chemical attack as the C-C bond located on the cap is stressed due to its local curvature8. Thus, in a 
typical acid oxidation, the carboxylic group is likely to be preferentially generated at the ends. Hence, if 
functional groups on the surface are protected or shielded from any incoming chemical attack (leaving 
only the ends of the SWNTs exposed), it is possible to only perform and direct chemistry at the end of 
the SWNTs. Palma et al. demonstrated SWNT-SWNT junction formation using DNA strand protected 
SWNTs7. Wrapping SWNTs in DNA strands has two advantages, (i) polar DNA strands aid SWNTs 
dissolution in water; (ii) protecting the surface functional groups. These protected SWNTs were then 
reacted with amine-terminated linker molecules at the unprotected ends to facilitate the junction 
formation. The SWNTs are connected via a covalent amide linkage. The geometry of the SWNT assembly 
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was controlled by the structure of amine linkers. However, it is extremely difficult to ensure that only a 
single amine on the linker molecule reacts with only one carboxylic group on a SWNT end. Having a 
protected SWNT surface still leaves multiple carboxylic groups on SWNTs. Thus, all amines on the linker 
molecules may react with carboxylic groups on a single SWNT, limiting the selectivity of this assembly 
methodology as multiple linkers may be grafted onto same SWNT. 
A more advanced selective SWNT deposition from SWNT dispersion has been employed for SWNT-FET 
fabrication. Unlike the previous example in section 1.7.1 where individual SWNTs were synthesised in 
situ, similar individual SWNT based FET can be prepared from SWNT dispersions, and aligned with  the 
aid of external electric field100. When a SWNT dispersion is drop cast between two metal electrodes and 
an electrical current is applied, SWNTs align across the two electrodes. The number of SWNTs bridged 
across the electrodes can be controlled by the concentration of the SWNT dispersion and by monitoring 
the current.  This method is important in future SWNT based FET development as it shows the potential 
to build a large array of individual SWNT transistors101. However, this method is limited to electrical 
device applications where a conductive electrode is present and the electrodes are limited to 
lithographic scales. This assembly is unlikely to be useful in pure SWNT-SWNT assembly where no metal 
or other support will be present. 
 
 
Figure 1.8 – Schematic representation of electric field assisted fabrication of SWNTs array FET101. 
 
Another interesting self-assembly example published is the self-assembly of multiwalled nanotubes 
(MWNTs) with gold nanoparticles102. Although this self-assembly method has been demonstrated with 
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MWNTs, the methodology for the assembly is worth noting and has the potential to be applied in the 
self-assembly of SWNTs. In this example, MWNTs were functionalised with thiol (SH) terminated groups. 
The thiol functionality was then used as an anchor for the gold nanoparticles. Since the original MWNT 
functionalisation is very difficult to control, the thiol species were generated all over the surface of the 
MWNTs and thus, the gold nanoparticles could be found on the whole MWNT surface. 
The importance of this publication to this project is not the materials but the method that was 
developed for the self-assembly. A binary solvent system was used to create a selective self-assembled 
2-D network. The self-assembly was located at the interface between two solvents which contained the 
MWNTs and gold nanoparticles respectively. In a single solvent, a 3-D structure could be obtained as the 
self-assembly was no longer constrained in a 2-D environment. 
 
Figure 1.9 – Self-assembly of thiol-terminated MWNTs and gold nanoparticle102. 
1.8 Summary 
The heterogeneity and purity issues in SWNT chemistry has been studied extensively. These issues can 
not simply be resolved by improving current synthesis methodology as all SWNTs production techniques 
generate SWNTs with distinct contamination (amorphous carbon, catalyst particle) and heterogeneity 
(length and diameter distribution, chirality). With suitable purification techniques, clean SWNTs which 
contain high SWNT content can be achieved. Specific enrichment of SWNTs with certain diameter and 
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electronic properties have been investigated extensively and it is now possible to obtain highly enriched 
metallic and semi-conducting SWNTs via various methods. However, yields are commonly low. In the 
long term, a selective SWNT synthesis method should be developed to allow synthesis of SWNTs with 
single chirality without contamination. 
Although individual SWNTs and single SWNT junctions have excellent performance in electronic devices, 
the associated device fabrications are limited to lithographic which the small scale of nanotubes could 
not be properly utilised. In addition, SWNTs devices fabricated in laboratory are limited to a very small 
scale. New methods are urgently needed to rationally assemble multiple SWNTs devices which could be 
employed in large scale production. Simple random SWNT network also have excellent performance 
(like SWNT network thin film transistor, TFT). It can only be improved by controlling the network 
structure where each SWNTs junction is optimised to give highest conductivity.  
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Chapter 2 – Fullerene Chemistry Review 
SWNT surface functionalisation was inefficient in linking SWNTs as there is no control in the resulting 
SWNTs structure. However, endohedral encapsulation of fullerene in open ends of SWNTs provides a 
more discrete control over surface functionalisation. Therefore, joining SWNTs via the endohedral 
fullerene molecule should offer a unique SWNTs structure manipulation. In order to support this 
hypothesis, existing peapods, fullerene chemistry and fullerene derivatives were studied and are 
discussed below. 
2.1 Peapods 
The first observation of molecules inside SWNTs was an accidental discovery. Both arc-discharge and 
pulse laser ablation methods are known to be able to produce both SWNTs and fullerene C60
1,33,40. In a 
typical SWNTs synthesis, extensive washing of the as-produced materials remove any C60 present in the 
sample. However, when Monthioux et al. studied an as-produced laser ablated SWNTs sample under 
TEM, a SWNT was found to have spherical molecules trapped inside its cavity33. The spherical molecules 
were found to have a diameter of 0.7 nm and have a spacing of 0.3 nm away from the inner SWNT wall. 
These measurements match closely with the expected value of C60 and its separation from a graphitic 
surface40. Beside, the contrast of the spherical molecule is similar to that of SWNTs wall under TEM 
which suggest the spherical molecules are also made of pure carbon atoms and not other elements (See 
Figure 3.3 for TEM image of peapods). All these finding confirms the encapsulated molecules are in fact, 
fullerene C60. Since then a vast amount of effort have been invested into selectively producing this 
encapsulated fullerene which is now known as ‘peapod’ (C60@SWNTs)
103-105. Shortly after the original 
discovery of the peapod, a gas phase insertion method was developed to prepare encapsulated C60 
inside SWNTs106,107. This gas phase method has since been considered as the golden method for making 
peapod. This method is generally divided into two steps. Firstly, there must be holes in the SWNTs 
structure to allow fullerene to enter the central cavity. These holes are normally produced by either 
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thermal annealing of the SWNTs powder in air107 or acid treatment in solution106. Once the holes are 
generated, the opened SWNTs and fullerene are then heated in a sealed capsule to 450 oC to allow 
fullerene to sublime and enter the SWNTs106. Since this gas phase filling requires high temperature to 
allow fullerene sublimation, it is not suitable for other fullerene derivatives which may not survive at 
such a high temperature. Thus, a milder condition for fullerene encapsulation was developed using 
solution phase filling103 . Recently, Khlobystov et al. published an in depth investigation of solution phase 
preparation of peapod and the associated mechanism108. Experiments showed that solvent with 
relatively poor fullerene solubility generate higher yields of encapsulated fullerene108. Further 
development in the field, by Khlobystov et al., has enabled both solid state and supercritical CO2 
filling109,110. Apart from simple fullerene C60, other fullerene derivatives or small molecules have also 
been shown to enter SWNT to form a hybrid material with SWNTs110-112. It has been proposed that 
reversible small molecule encapsulation may be an interesting candidate for a self-release drug 
carrier113.  
2.2 Covalent Fullerene Chemistry 
From the extensive literature of peapod chemistry, a variety of fullerene derivatives have been shown to 
enter SWNTs. However, to fulfil the requirement of connecting SWNTs via fullerene insertion, existing 
fullerene derivative for peapod formation are not the ideal candidate. The difficulty is that the whole 
fullerene derivatives are designed to enter the SWNTs cavity to give high peapod yields. To successfully 
connect two SWNTs to give a simple SWNT-SWNT junction, the linker molecule must contain two 
fullerene molecules and only the fullerenes in the linker molecules should enter the SWNTs. Thus, a 
bulky spacer is required to connect the two fullerene molecules to prevent complete encapsulation. 
Originally, fullerene derivatives were selectively prepared to increase the solubility of the parent 
fullerene molecule. Due to its strong van der Waal’s interaction within the fullerene lattice, fullerene is 
difficult to process/exfoliate. Thankfully, because of the versatility of fullerene surface chemistry, a 
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number of reactions have now become well established and are often employed in covalent 
functionalisation of fullerene. Carbon bonds on fullerenes surface can be classified as [5,6] and [6,6] 
(bond between a 5- & 6- membered ring, or between two 6- membered rings). Some of the fullerene 
functionalisation reactions were found to be regioselective, attacking the [6,6] site selectively. Whereas 
some of the reaction were found to produce mixture of products with both [5,6] and [6,6] additions. The 
most common examples are summarised below. 
Table 2.1 – Table of solubility of fullerene in common fullerene solvents114. 
Solvents Solubility (mg/ml) 
Tetrahydrofuran 0.0 
n-hexane 0.043 
Chloroform 0.16 
Benzene 1.7 
Toluene 2.8 
Chlorobenzene 7.0 
Dichlorobenzene 27.0 
 
2.2.1 Prato Reaction – Azomethine Ylide Addition 
Cycloaddition is the most frequently employed route to functionalise fullerene surfaces. It can be 
divided into sub-classes and one of the most famous is the Prato reaction. This method was first 
proposed by Maurizio Prato et al.115. The reaction of N-methylglycine and formaldehyde generates an 
azomethine ylide in situ which attacks the fullerene surface via 1,3-dipolar cycloaddition (Figure 2.2). 
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Figure 2.2 – Typical Prato reaction of azomethine ylide and fullerene C60. 
As there are multiple carbon double bonds on fullerene surface, there is a chance of having multiple 
additions products from the reaction. However, this tendency can be limited by using a huge excess of 
fullerene. Unreacted fullerene C60 can be easily removed by column chromatography as the resultant 
product is more polar (due to the grafted nitrogen substituent) than the pristine C60. Another approach 
to the azomethine ylide is thermal ring opening of 5-oxazolidinone115 (Figure 2.3). Ring opening via 
decarboxylation to generate the azomethine ylide and it can then react with fullerene surface. Thermal 
ring opening of aziridine can also react with C60
116. In both cases, the substituted heterocyclic ring is 
heated with C60 in refluxing toluene and resultant substituted fullerene can be collected via column 
chromatography. The driving force of the reaction is the strain relief of the heterocyclic ring. 
 
Figure 2.3 – (Top) Reaction of N-methyl-5-oxazolidinone with fullerene. (Bottom) Reaction of aziridine 
addition to fullerene. 
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2.2.2 Cycloaddition – Electron Rich Alkenes and Alkynes 
Unlike the thermally activated cycloaddition of azomethine ylide, an electron rich alkene or alkyne can 
react photochemically with a double bond on the fullerene surface 117. A typical electron rich alkene 
used in this kind of reaction is tetraalkoxyethylene. The alkoxy group is a well known electron donating 
substituent and having four of the electron donating substituent on the same ethylene makes the 
alkene very electron rich. Since fullerene is electron withdrawing, it readily reacts with the electron rich 
tetraalkoxyethylene. However, due to the large number of double bonds on fullerene surface, the 
control of regioselectivity of the reaction becomes problematic. Multiple alkene/alkyne adducts are 
often generated alongside with the monoadduct from this reaction. To separate the monoadduct from 
the mixture, it requires repetitive column chromatography, it is time consuming and may require large 
amount of solvents. 
 
Figure 2.4 – Typical photochemical reaction of electron rich tetraalkoxyalkene with fullerene. (R : any 
aliphatic non-electron withdrawing group) 
 
2.2.3 Cycloaddition – Organic Azide 
The zwitterionic nature of organic azides makes them ideal molecules for cycloaddition. Similar to the 
azomethine ylide approach, organic azides react with one of the double bonds on the fullerene surface. 
Depending on the substituent on the organic azide, the reacted site on the fullerene surface may be 
different. An aryl substituted azide preferably reacts with the [6,6] bond on fullerene where an alkyl 
azide attack the [5,6] bond on the surface118,119. Again, multiple substitution patterns are a problem here 
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and reactions would require an excess of fullerene to yield mono-addition adducts. This reaction is the 
best candidate in the synthesis of the bis-fullerene linker (dumbbell) due to the ease of azide 
introduction into carbon framework. Azide can be introduced into a molecule by the mean of 
nucleophilic substitution of sodium azide (NaN3). Since NaN3 is not soluble in most organic solvents, the 
unreacted azide can be easily filtered off. Azide has a characteristic azido stretching at 2100 cm-1 in 
infrared spectroscopy (IR)120. Thus the progress of the reaction can be easily followed by IR. 
 
 
Figure 2.5 – Typical azide addition onto fullerene surface. 
 
2.2.4 Cyclopropanation 
 
Figure 2.6 – Typical Bingel reaction of fullerene with haloalkane. R : any electron withdrawing groups. 
 
The Bingel reaction121 is, again, a classic example of fullerene functionalisation. Surprisingly, all three 
major fullerene functionalisation reactions (Prato-azomethine ylide addition, Azide addition and Bingel 
reaction) were all discovered in 1993. In a typical Bingel reaction, a strong base is required to remove 
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the methine proton to create a halocarbanion which then attacks the electron poor fullerene. Multiple 
electron withdrawing groups in the starting haloalkane are required to stabilise the carbanion 
intermediate. 
 
Figure 2.7 – Cyclopropanation of fullerene with malonates. DBU : diazabicyclo[5.4.0]undec-7-ene. 
 
A modified cyclopropanation reaction has been developed by Hirsch et al.122. Stirring malonate and 
fullerene C60 in the present of carbon tetrabromide (CBr4) and diazabicyclo[5.4.0]undec-7-ene (DBU) in 
toluene yields malonate functionalised fullerene. The reaction goes via a bromomalonate intermediate 
which is generated in situ and reacts selectively with a [6,6] double bond via cyclopropanation. 
Therefore, unlike the others functionalisation which can react with either [5,6] and [6,6] bonds on 
fullerene, this reaction gives only [6,6] bridged fullerene. The degree of functionalisation can be 
controlled by varying the molar equivalent of the reagents. However, the substituent on the starting 
malonates was also found to affect the degree of functionalisation (Figure 2.6). The monoadduct is 
preferred when a simple substituent (methyl or ethyl) is used, whilst a more bulky and long substituent 
tends to give multi-adducts. This reaction may be useful in the synthesis of the fullerene linker 
molecules. Since the fullerene is functionalised with ester groups, a simple transesterification of the 
fullerene with a spacer molecule may be an efficient way to covalently join them together. 
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2.2.5 Amine Addition 
Beside the cycloaddition, fullerene is also known to be attacked by alkyl amines. However, this amine 
insertion method received little interest in fullerene research and only limited examples are available in 
literature. Amine insertion could be a good methodology due to the simple starting material (primary 
amine) and reaction condition (stir in toluene at room temperature)123,124. Examples of secondary amine 
insertion are also known but experimental data revealed mainly multi-adducts are formed125. 
 
Figure 2.8 – Amine addition onto fullerene surface (R : aliphatic) 
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2.2.6 Other Fullerene Functionalisations 
 
Figure 2.9 – Alternative fullerene functionalisation reactions. Clockwise (Top) carbene reaction, Diels 
Alder reaction, diazo-addition, nitrene reaction. 
 
In addition to those examples mentioned above, there are also other fullerene functionalisation that are 
well established126,127 (Figure 2.9). As shown in the previous examples, some fullerene functionalisation 
reactions are regioselective. regioselectivity should not be a major problem in the synthesis of linker 
molecule. In the basic bis-fullerene linker synthesis, the most important point is to covalently connect 
the two fullerene molecules. The position of the linkage on fullerene surface is not important as it would 
not have an effect on the overall diameter of the fullerene molecule. 
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All the given examples are possible functionalisation strategies that could be employed in fullerene 
linker synthesis. Fullerene was also found to undergo various reactions (such as acid oxidation, 
halogenations, hydrogenation and reaction with transition metal complexes)134,135 but these reactions 
are unlikely to benefit the linker synthesis, therefore it will not be covered here128,129. 
2.3 Fullerene Adducts 
Since the concept of self-assembly of SWNTs with structural directing fullerene linkers has not been 
demonstrated before, there are many questions to be answered when designing the linker molecules. 
The first obvious question is how to join the fullerenes together? For example, in the self-assembly of 
two SWNTs (simplest assembly) with a bis-fullerene linker, what is the minimum separation between 
the two fullerene so the whole molecule can not enter SWNTs? Will the chemical structure of the spacer 
affect the insertion? These questions must be answered before designing the linker molecules. Previous 
‘peapod’ examples mostly consist of single fullerene derivatives. Thus, little is known for multi-fullerene 
adduct in SWNTs encapsulation. However, it is believed that the separation between the two fullerenes 
cannot be too short (i.e. ethylene) since it is very likely that the whole molecule could enter the same 
SWNTs cavity. A detailed analysis of peapod formation with a mono-alkyl functionalised fullerene has 
been reported by Khlobystov et al.78. TEM studied revealed fullerene with a single C17H25 long alkyl 
substituent is encapsulated by SWNTs. Long alkyl chains are known to coil in solution, thus long chain 
spacer should provide a blockage large enough to prevent complete encapsulation. This suggests the 
spacer must be longer than C17 units to give the corresponding coiled blockage; otherwise, the whole 
fullerene linker molecule may be encapsulated by the same SWNTs. Alternatively, a bulky substituent 
can be grafted onto the spacer so that only single fullerene can enter a SWNT. On the other hand, the 
spacer should offer reasonable flexibility to the linker molecule. Once a single fullerene is inserted into a 
SWNT, enhanced flexibility may enable the other fullerenes in the linker to catch other SWNTs more 
easily. The spacer should also be chemically robust so the linkage between the connected fullerenes 
cannot be broken easily. Since fullerene has poor solubility in common organic solvents, the spacer 
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should also increase the overall solubility of the linked fullerenes which in turn would improves its 
processability. 
Having considered the requirement for the fullerene linker, a flexible polymer (also being chemically 
inert and with high solubility in common solvent) is a good candidate for the spacer. Polymers can be 
found with different chain length which means the linked fullerenes can be separated with any distance. 
Flexible polymers are widely available commercially such as polyethylene (PE), polyvinyl chloride (PVC) 
and polyethylene glycol (PEG). Connecting fullerenes with these polymers would offer flexibility for the 
fullerenes to adopt the required conformation in self-assembly. 
 
Figure 2.10 – Summary of previously known fullerene polymer adducts. (A) Linear multiple fullerene 
polymer. (B) Multiple fullerenes cross linked polymer. (C) Multiple fullerene brushed polymer. (D) 
Fullerene end-capped polymer. (E) Fullerene polymer multiadduct. 
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A brief literature research has been carried out in fullerene polymer adduct examples in order to look 
for the most suitable candidate. Since fullerene has poor solubility in common organic solvent and 
insoluble in water, the first generation of fullerene polymer adduct was selectively produced to increase 
its solubility. A typical example of these fullerene adducts with increased solubility has been published 
by Prato where a water soluble polyethylene oxide chain has been grafted onto the surface130. It has 
been shown that fullerene mono-adduct retains the same electronic property of the parent fullerene 
and thus, fullerene applications have been developed quickly due to the increased solubility131,132 but 
preserved electronic property. However, architecture is the main factor to be considered in designing 
the linker molecule. Among those fullerene polymer adducts schematically represented in Figure 2.10, 
the fullerene end-capped polymer is the most suitable candidate for the linker molecule. It resembles 
the perfect architecture of a dumbbell structure for self-assembly of two SWNTs. The covalently grafted 
fullerene is mono-functionalised, thus the overall diameter of the fullerene is retained and is suitable for 
self assembly. The polymer spacer can be easily tuned to offer different degree of flexibility which may 
be an advantage in fullerene insertion. The fullerene brush polymer is also an interesting candidate for 
connecting multiple SWNTs which may be investigated in the later stage of this project once the simple 
SWNT-SWNT junction has been confirmed. 
2.4 Fullerene End-capped Polymers 
There are only limited examples of fullerene end-capped polymers in the literature. The closest example 
to bis-fullerene linker is a fullerene polymer adduct published by Goh & Huang et al.133. A single PEG 
(polyethylene glycol) chain is covalently grafted onto fullerene surface via azide addition119,133. Later on, 
a bis-fullerene PEG monoadduct was also suggested with identical synthetic methodology but using bis-
azide terminated PEG instead of mono-azide PEG23. A similar tris-fullerene end-capped PEG adduct has 
also been synthesised using a commercial available tris-PEG star31. Other fullerene end-capped polymers 
have also been demonstrated using other polymers such as polythiophene26 and polystyrene28. After 
considering the nature of the polymer, PEG may be the best choice for the linker molecule for a number 
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of reasons. (1) It offers the required flexibility to the linker molecule. (2) It gives the fullerene linker 
enhanced solubility in both organic and aqueous solvents. (3) The chain length of the PEG can be easily 
tuned as various PEG chain lengths are commercial available (can be easily longer than a C17 chain). (4) 
PEG (or other flexible polymer) is known to coil up and form aggregate in solution. Once a single 
fullerene entered a SWNT, the PEG coil may prevent the other fullerene from entering the same SWNT. 
In addition, an associated in depth synthetic procedure is already published for this fullerene end-
capped fullerene134. Hence, it saves time for optimising reaction condition in the synthesis stage which 
would benefit to the project. For the above reasons, fullerene end-capped PEG dumbbell has been 
chosen as the first fullerene linker for self-assembly. Other than PEG dumbbell, tris-fullerene end-
capped linker is also known and the synthetic procedure is similar; it can be used as the tris-fullerene 
linker to connect three SWNTs. By using linkers with similar properties, the optimisation of self-assembly 
condition should be simplified. 
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Chapter 3 – Characterisation Methods and 
Analysis 
The characterisation needed in the project can be divided into two sections. Firstly, it is the 
characterisation of the fullerene end-capped linker molecule. Although a detailed synthesis procedure 
has been published in the literature, the synthesised fullerene linkers should be characterised with a 
range of spectroscopic techniques to confirm the true identity of the as-produced materials. These are 
common characterisation techniques employed in general organic synthesis including nuclear magnetic 
resonance spectroscopy, infra-red spectroscopy and UV-vis spectroscopy. Since the fullerene linker 
molecules will be synthesised with polymer as a spacer, mass spectroscopic analysis of the resultant 
product will be valuable in determination of the end-products masses. Thus, matrix assisted laser 
desorption ionisation time of flight spectrometry (MALDI-TOF) will be employed in the characterisation 
of the linker molecules. Additional characterisation of polymer is often supported by elemental analysis 
to give the atomic ratio of each element within the structure (mainly carbon, hydrogen, oxygen and 
nitrogen).  
The second part is the characterisation of single walled carbon nanotubes (SWNTs). The spectroscopic 
techniques which are often applied in SWNTs characterisation are UV-vis spectroscopy, Raman 
spectroscopy and photoluminescence spectroscopy. These are mainly used in the determination of bulk 
SWNTs quality, diameter and chirality. Apart from spectroscopic characterisation, microscopic 
characterisation techniques are also widely used in nanotubes study. Both atomic force microscopy 
(AFM) and transmission electron microscopy (TEM) are the two most common methods to study SWNTs 
at an atomic scale. These microscopic techniques provide information on diameter and length of each 
individual SWNTs. More importantly, they provide vital information of the degree of exfoliation (number 
of individualised SWNTs) which is important in the SWNT junctions characterisation. 
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Apart from the spectroscopic and microscopic techniques, thermal gravimetric analysis (TGA) is also a 
common technique in determination of SWNTs quality. This method simple measures the weight loss 
over increasing temperature or time (at constant temperature). It indicates the total metal and 
carbonaceous material content. It is also widely used in the determination of the grafting ratio of 
SWNTs. As SWNTs has a relatively higher degradation temperature than most of the grafted species, the 
combustion of the surface functional groups would take place before SWNTs. 
3.1 Spectroscopic Techniques 
3.1.1 Nuclear Magnetic Resonance (NMR) 
Although various nuclei can be studied by NMR spectroscopy, the most common nuclei are 1H and 13C 
which form the basis of most organic chemical structures. 1H NMR spectroscopy enable chemists to 
resolve protons with respected to their corresponding chemical and magnetic environment within a 
molecule. It is able to pick up proton-proton interactions (spin-spin coupling) which related to both 
distance and dihedral angle of the coupling protons. Since fullerene consists of carbon atoms only, 
13C NMR spectroscopy is the ideal technique to characterise the fullerene structure. Pristine fullerene 
C60 is a perfectly symmetrical molecule with all the carbon atoms within the cluster being identical, 
therefore, only a single carbon signal is observed for C60
135. However, once a single substituent is 
covalently grafted onto the fullerene surface, the symmetry will be broken. Depending on the bonding 
environment at the functionalisation on fullerene surface, multiple signals would be observed for the 
fullerene carbon atoms136. Therefore, 13C NMR spectroscopy is useful in following functionalisation of 
fullerene and 1H NMR spectroscopy is useful in characterising the grafted polymer. 
All NMR spectra in this study were acquired using a Bruker AM 400 spectrometer operating at 9.4T. 
Samples were dissolved in CDCl3 and all spectra were recorded with 16 scans and D1 = 1 sec (unless 
specified). All chemical shifts (δ) are given in ppm, where the residual CHCl3 peak was used as an internal 
reference for 1H NMR (δH = 7.28 ppm), and the CDCl3 peak for 
13C NMR (δC = 78.23 ppm). Coupling 
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constants (J) are given in Hz, and chemical splitting patterns are abbreviated as follows: s, singlet; d, 
doublet; t, triplets; q, quartet; quin, quintet; sex, sextet; sep, septet and m, multiplet. 
3.1.2 Infra-red (IR) Spectroscopy 
Infra-red (IR) spectroscopy is widely used in the identification of specific diatomic bond stretching, 
bending and vibration within a molecule. Common signals correspond to C-H, C=O, C-O and O-H can be 
readily identified and are extremely valuable towards the initial characterisation of products. Since IR 
spectroscopy can only indicate the presence of the bonds and not location within the molecule, it has to 
be used in conjunction with other characterisation technique like NMR spectroscopy to identify the 
complete chemical structure. On the other hand, fullerene has distinctive absorbances at 1429, 1183, 
577 and 528 cm-1. Hence, the presence of fullerene in the products can be easily identified. All IR spectra 
in this study were recorded on powders or liquids (no nujol) using a Perkin-Elmer spectrometer 100 
equipped with a Pike attenuated total reflectance (ATR) silicon crystal. All spectra were acquired with 16 
scans and 4 cm-1 resolution. 
3.1.3 UV-vis Absorption Spectroscopy 
UV-vis absorption spectroscopy measures the electronic absorbance of a molecule’s electronic 
structure. When UV or visible light is irradiated through a sample, certain wavelengths are absorbed by 
molecule to raise the ground state electron to excited state. In organic synthesis, it is widely used to 
probe the electronic absorbances of conjugated molecules. Since fullerene is highly conjugated, it has 
strong absorbance at 213, 257, 330 nm with extinction coefficient εmax 135,000; 175,000 and 51,000 
respectively. However, absorption below 300 nm is rarely observed due to overlapping solvent bands. 
There is also a weak absorption at 404 nm in fullerene absorption which can be also used to identify the 
presence of fullerene137. 
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Figure 3.1 – Electronic absorption spectrum of fullerene C60 in toluene. Electronic absorption below 300 
nm attributed to electronic absorbance of solvent. Inset is the expanded region of 300 – 500 nm of 
fullerene absorption spectrum clearly showing the absorbances at 330 and 404 nm. 
 
In the self-assembly of SWNTs with the fullerene end-capped linkers, it is very important to note the 
concentration of the fullerene linkers (total number of fullerene). Thus the strong absorption at 330 nm 
is useful for the concentration determination of the linker molecule; using the well established 
extinction coefficient. 
SWNTs characterisation by UV-vis spectroscopy is not as straight forward as small molecules. Simple 
molecules dissolved in organic solvents can be used directly in UV-vis spectrometer. Due to the low 
solubility of SWNTs, it required lengthy sample preparation for UV-vis measurement. On the other hand, 
SWNTs bundle significantly absorb the incident light over a wide range of wavelength, thus, it is difficult 
to determine the true SWNT electronic effects. Another major issue in SWNTs UV-vis spectroscopy is the 
scattering issue. When the incident light wavelength is smaller or similar to the probing species, it will be 
scattered to a different angle (Mie scattering). Thus, any scattered incident light will not be collected up 
by the spectrometer and effectively increases the ‘absorbance’ by the molecules. Highly functionalised 
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or degraded SWNTs do not show electronic absorbance in UV-vis due to the loss of sp2 configuration. To 
avoid these problems, SWNT dispersions must be prepared carefully with minimum damage to side 
walls and maximise the degree of exfoliation. SWNTs with different diameter and chirality are found to 
have different electronic transition. Having highly individualised SWNT dispersions allows UV-vis to 
resolve the individual electronic absorbance of individual SWNT species 138,139. 
 
Figure 3.2 – UV-vis spectrum of HiPco SWNTs dispersion in NMP. The numbers on top of the curve 
denoted possible chiral vectors for the observed absorbances. In general, m-SWNTs transitions occur at 
around 300-700 nm whereas sc-SWNTs would be observed at around 500-1400 nm. 
 
Similar to small molecule UV-vis spectra, SWNTs spectra can also be used in the determination of 
concentration. However, bulk SWNTs samples contain multiple SWNT species and it is difficult to pick 
each individual features and use them as a concentration reference. Luckily, a detailed analysis of SWNT 
concentration has been carried out by Coleman et al. and the absorption at 660 nm is now generally 
accepted as a concentration reference with a extinction coefficient12 of 3264 ml mg-1 m-1. This finding is 
particularly relevant to this study as the concentration of SWNTs is vital in the self-assembly. All UV-vis 
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spectra in this study were acquired using a Lambda 950 spectrophotometer (Perkin Elmer, Waltham, 
MA, USA). For fullerene linker synthesis, all fullerene linkers were dissolved in toluene (unless specified) 
and spectra were acquired with a 1 cm path length quartz cuvette. SWNTs dispersions in this study were 
prepared in N-methyl pyrrolidone (NMP). 
3.1.4 Raman Spectroscopy 
Raman spectroscopy provides information about SWNT character, diameter and quality. There are three 
principle signals in Raman spectra of SWNTs140; the graphitic band (G band) at around 1500 – 1600 cm-1 
is an indication of degree of sp2 hybridisation in SWNTs. Thus, the more intense the G band, the better 
quality of SWNTs. Due to curvature, the G band is divided into two graphitic signals; a (G+ band) for 
longitudinal signal and a (G- band) for a transversal signal. In addition to the G band, a defect-induced 
band (D band) at around 1350 cm-1 is also present in typical SWNTs spectra. The D band is an indication 
of the degree of defectiveness in SWNTs. Thus the ratio between the G and D bands is a useful guide to 
the overall SWNT quality. Normally, all SWNT spectra are normalised to the most intense G band for 
ease of comparison. The last principle signal in SWNT Raman spectra is the radial breathing mode (RBM) 
band which appears at below 500 cm-1. This signal corresponds to radial carbon vibration which depends 
on diameters. Multiple laser sources are generally applied in the full analysis of SWNTs samples as 
SWNT species resonate to certain wavelengths. A direct mapping of the RBM signals and the 
corresponding SWNT diameters as well as chirality have been constructed by Kataura and is now known 
as ‘Kataura plot’141. 
Raman spectroscopy has also been used to identify SWNT encapsulated fullerenes (peapods)142. It has 
been shown that the signal of encapsulated fullerene is greatly reduced, and more importantly, 
downshifted compared to the pristine non-encapsulated fullerene molecules. Thus, Raman provides a 
quick and easier confirmation of the fullerene insertion into SWNTs than high resolution microscopic 
technique. However, in order to observed the fullerene signal inside SWNTs, a reasonable high yield of 
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encapsulated fullerene is needed. Considering the self-assembly experiment, only two fullerenes would 
enter each SWNT at each ends which may not even reach 1 % yield of these previous peapod examples. 
Thus, Raman spectroscopy is not suitable in the characterisation of SWNTs self-assembly. 
3.1.5 Photoluminescence Spectroscopy 
Photoluminescence (PL) spectroscopy is a standard measurement of SWNT electronic property. It is 
limited to the characterisation of semi-conducting SWNTs as metallic SWNTs do not fluoresce (no band 
gap in m-SWNTs). This technique is widely used in bulk characterisation of SWNTs sample as individual 
sc-SWNTs fluorescence is well-resolved at different excitation wavelengths. Current synthetic 
methodology of SWNTs often produce a mixture of both metallic and semi-conducting SWNTs, thus, PL 
spectroscopy can only measure a fraction of the sample. No evidence suggesting different fullerene 
filling rates or insertion mechanism regarding to SWNTs electronic property has been reported. Thus, 
the major factor to be considered in SWNTs self-assembly is the diameter of the SWNTs. Since PL 
measurement do not reveal a complete picture of a SWNT sample, it is not suitable for the 
characterisation in this study. 
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3.1.6 Mass Spectrometry – Matrix Assisted Laser Desorption Ionisation Time of Flight Spectrometry 
Mass spectrometry (MS) is widely used in the determination of molecule masses in organic synthesis. 
Typical MS involves ionisation of the molecules which fly in the vacuum chamber and are sorted by mass 
before reaching the detector. The vacuum chamber is coupled with a magnetic field which deflects the 
ions according to their mass to charge ratio (m/z). The typical ionisation technique, electron impact 
(EI)143,144, ionises the molecule by striking it with high speed electrons. The impact often generates 
multiple fragmentations of the molecules. Depending on the degree of fragmentation, multiple signals 
are observed in the spectra. The larger the molecule, the harder the analysis of the spectra and it is 
often a time consuming process. This technique is therefore classified as a hard ionisation technique as 
it breaks up the molecule into multiple fragments. Other ionisation techniques associated with MS have 
been extensively reviewed143. 
In polymer chemistry, it is very important to study the mass of the overall polymer. However, hard 
ionisation techniques are only capable of resolving polymers with low molecular mass (below 400 Da)144. 
Using hard ionisation for high molecular weight polymers is unwise as it is almost impossible to 
construct the fragmentation pattern back into the original polymer. Therefore, the characterisation of 
polymers relies heavily on NMR spectroscopy and size exclusion chromatography (SEC) which only give 
average properties. MS is still the best technique to identify each individual polymer species with 
different numbers of repeating units. In 1988, matrix assisted laser desorption ionisation (MALDI) was 
first proposed in the field145. Since then, it has revolutionalised polymer science and most synthetic 
polymers are now characterised by MALDI146. NMR spectroscopy and SEC are quick and easy to use but 
they are not suitable for all polymers. As polymer science has matured, more complex synthetic 
polymers have emerged in the field. These complex polymers are often made with sophisticated 
chemical structures and NMR spectroscopy and SEC may not be able to resolve them. 
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As illustrated in the name, MALDI uses a matrix to transfer energy from ionisation source to the 
polymer. Typical MALDI uses a UV light (337 nm) ionisation source. The matrix has to first absorb this 
short wavelength energy before it can transfer the energy to the molecule. Thus, all matrix used in 
MALDI are conjugated and/or aromatic and small in size. Conjugation provides the required HOMO-
LUMO gap for the short wavelength UV absorption and its small size make it easier to crystallise with 
the polymers which make energy transfer more efficient147. Typically, a metal cation (Na+) is also added 
to the system along with the matrix to provide the charges for the polymer. Thus, the resulting polymer 
ion is often generated as [M + Na]+ rather than the [M]+ or [M+H]+ in conventional MS. As the technique 
has matured, many matrices have been developed to suit various macromolecules (peptides, sugars, 
DNA and polymers). Some matrices are interchangeable for different macromolecules and some are 
more specific. More details of MALDI matrix can be found elsewhere147. 
3.1.6.1 Investigation of Matrixes and Sample Preparation 
Since a polymer is used as the spacer to connect fullerene molecules in the linker, MALDI is used to 
follow the chemical transformation of the polymer (polyethylene glycol, PEG in this study). Fullerene C60 
has a mass of 720 Da and once it is grafted onto the polymer, the significant increase in mass can be 
easily identified by MALDI. Many matrices have been tested for PEG and their results are well 
documented148. However, the major issue is the fullerene. Various matrices have been tested for 
fullerene MALDI but mainly for relatively small fullerene derivatives. 9-nitroanthracene (9-NA) is the 
most commonly employed matrix in fullerene derivatives with small substituents149,150. The only matrix 
which was found to be effective in short PEG chain grafted fullerene is 2,5-dihydroxybenzoic acid 
(DHB)151. However, initial trial with this DHB matrix in the MALDI did not yield promising results as it 
appeared that the fullerene adducts were heavily fragmented during ionisation. 
  
55 
 
Table 3.1 – MALDI matrices tested for fullerene end-capped PEG linkers (measured with positive 
reflectron mode). 
Matrix Structure Signal Quality 
trans-2-[3-(4-tert-
Butylphenyl)-2-methyl-2-
propenylidene]
malononitrile (DCTB) 
 Good 
(4-Hydroxybenzylidene)
malonitrile 
 No signal 
α-Cyano-4-
hydroxycinnamic acid 
 very weak 
4-Benzyloxy-α-
cyanocinnamic acid 
 No signal 
Sinapic acid  No signal 
Anthracene  No signal 
9-nitroanthracene  No signal 
Dithranol  No signal 
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Since DHB did not work for the fullerene linkers, other matrices were tested but failed to give any 
signals related to the linkers. Table 3.1 summarises those MALDI matrices that were tested in the initial 
MALDI study. Due to the initial difficulty in running MALDI for fullerene linkers, one of the fullerene 
derivatives (PEG3350-C60 adduct) was sent to EPSRC Swansea National Mass Service for MALDI 
characterisation. The result was promising and the fullerene PEG adduct signal was clearly shown. The 
MALDI expert in the EPSRC Swansea National Mass Service suggested that using trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) as a matrix gives the best result for 
fullerene adducts with minimum fragmentation. Further research in the literature also suggests that 
DCTB is effective in ionising fullerene species with reduced laser intensity which limited the possibility of 
complete dissociation of the analyte152.  However, sufficient MALDI signals were not observed even with 
DCTB matrix. The EPSRC Mass Centre only suggested the matrix but did not provide a sample 
preparation procedure.  
Typical MALDI sample preparation involves three steps, (1) dissolve analyte, matrix and metal source 
(NaI) into separate solvents. (2) Mix the three solutions together. (3) Deposit the solution onto a MALDI 
plate for characterisation. In general, literature only gives information for solvents, concentration 
and/or volume of each solution. Ideally, the sample, matrix and cationic metal source should all be 
dissolved in one solvent as it minimises the chance of having segregation when the mixture crystallises 
on the MALDI plate. Tetrahydrofuran (THF) is widely used for dissolving matrix and the cationic metal 
salt (sodium iodide or sodium acetate), but the fullerene adduct has extremely low solubility in THF and 
the concentration is not sufficient for MALDI analysis. Hence, fullerene adduct was dissolved into 
various solvents; mixed with the matrix/metal THF solution and tested in MALDI. Among the tested 
solvents (toluene, carbon disulphide, chlorobenzene and dichlorobenzene), toluene (Tol) was found to 
give the best signal intensity in MALDI but the intensity of the signal was still weak. The remaining factor 
is the crystallisation process on the MALDI plate. Typical crystallisations are carried out from a single hot 
solvent containing saturated solutes followed by slow cooling. In the present MALDI preparation, there 
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are two solvents involved, THF and Tol. When the two solvent mixtures (with the dissolved matrix, 
fullerene adduct and metal source NaI) is dropped onto the MALDI plate, a series of process occur. Due 
to the difference in boiling points, THF evaporate first. With reduced volume of THF, there is not enough 
THF to solvate the DCTB matrix and NaI and they precipitate first. As liquid Tol remains in system, the 
fullerene adduct will remain solvated. Hence, it is very difficult to obtain crystals with all three 
components, fullerene adducts, matrix and NaI intimately mixed. 
Temperature is important in crystallisation. Instead of cooling the saturated solution slowly to room 
temperature, cooling it in a fridge or ice-bath often produces more crystals (but smaller crystal grain 
size). The same theory can be applied in the MALDI preparation where the two solvents are kept at a 
lower temperature which allows the crystallisation to take place first. The MALDI plate is then allowed 
to warm up to room temperature and the solvent will slowly evaporate. To verify this theory, the MALDI 
plate was first cooled in a fridge for at least 2 hours before the solution mixture were drop cast onto it. 
After drop casting, the MALDI plate was placed in fume hood at room temperature and the solvents 
slowly evaporated. Luckily, MALDI sample prepared using this method gives the best signal intensity 
observed. All the subsequent fullerene polymer adducts were analysed using the same method. 
3.1.6.2 General MALDI Preparation 
All matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF) data were 
acquired on a Waters MICROMASS® MALDI micro MX™ with a nitrogen laser at 333 nm in the positive 
reflectron mode with delayed extraction. Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB) (>98%, Sigma-Aldrich) and sodium iodide (99.999%, Sigma-Aldrich) 
were used as the matrix for MALDI-TOF mass spectrometry. The instrument was calibrated in the range 
of 500-5000 Da using a standard poly(ethylene glycol). 10 µL samples dissolved in toluene (1-2 mg/ml) 
were added to the mixture of 10 µL of pre-dissolved matrix (10 mg/ml DCTB in THF) and 3 µL of NaI 
(3 mg/ml in THF). Small aliquots of mixture were loaded on to a cold stainless steel MALDI target plate 
(cool in fridge for 2 hours) and allowed to air dry at room temperature (in fume hood). The simulated 
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isotopic peak patterns were constructed using online software MolE - Molecular Mass Calculator v2.02 
(http://rna-mdb.cas.albany.edu/RNAmods/masspec/mole.htm). 
3.2 Microscopic Characterisation 
Due to the small size of SWNTs, it is impossible to see individual SWNTs using conventional light 
microscope. Both transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are 
standard characterisation techniques in nanotechnology. TEM offers atomic resolution which allows 
direct observation of SWNT structure whereas SEM has a lower resolution and is generally used to study 
SWNT networks rather than individual SWNTs. Another type of high resolution microscopy is atomic 
force microscopy (AFM) which uses direct mechanical contact to probe the nanomaterials and it is 
useful to study both individual and networks of SWNT. 
3.2.1 Transmission Electron Microscopy 
Transmission electron microscopy (TEM) was the first method used to confirm the existence of 
encapsulated fullerene in SWNTs (peapod) (See Figure 1.4)33. TEM images showing encapsulated 
fullerene with specific inter-fullerene distance is solid evidence of successful peapod formation. 
Traditionally, as-produced peapods are dispersed into solvents and drop cast onto a holey carbon grid. 
The only way to image encapsulated fullerene is to have the peapod over the hole on the grid. This 
allows direct observation of encapsulated C60 and SWNT cavities. Since the purpose here is to observe 
encapsulated C60, the SWNTs only need to be partially exfoliated.  
Unfortunately, imaging SWNTs self-assembly is not as straight forward as peapod. In self-assembly, a 
highly individualised SWNTs dispersion is intrinsically required. Similar to peapod imaging, the ideal self-
assembly proof could only be observed when the SWNT-SWNT junction (with the associated fullerene 
linkers encapsulated) rests on top of a hole, thus, a reasonable amount of SWNTs are required. 
However, the concentration of self-assembled SWNTs dispersion is less than the peapod dispersion. 
Increasing the concentration of self-assembly dispersion would not benefit the TEM imaging as 
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increased SWNTs concentration would induce SWNTs rebundling which effectively reduce the chance of 
observing junctions. 
Harsh TEM imaging conditions are known to damage SWNTs and encapsulated fullerenes via knock on 
damage153. In TEM imaging, multiple encapsulated fullerenes coalesce into a more stable form, a new 
SWNT, which effectively produces double walled carbon nanotubes (DWNTs) (see Figure 3.2). Prolonged 
electron beam irradiation also induce SWNT deformation but at a slower rate than the highly curved 
fullerenes153.   
 
Figure 3.3 – TEM images of C60@SWNTs peapod (97 kV). A  H showing the effect of electron beam 
irradiation on the structure of encapsulated C60. It clearly shows that the fullerene eventually coalesces 
into a tubular structure within the parent SWNT153. 
 
The high energy electron in TEM is capable to damage fullerene cage. In a fullerene linker molecule, the 
spacer connecting the end-capped fullerenes is polyethylene glycol (PEG) which is significantly weaker 
than a fullerene cage. It is almost certain that the high energy electron beam will damage the PEG chain 
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and cleave the fullerene linker. Thus, it is extremely difficult to observe SWNT-SWNT junctions with 
encapsulated fullerene at the centre of the junction. 
3.2.2 Atomic Force Microscopy 
Atomic force microscopy (AFM) involves physical contact of a scanning probe with a surface and any 
object deposited on it154. Since it is a mechanical contact, surface properties (i.e. roughness, hardness) 
can be obtained. AFM is widely used in SWNTs imaging as a mean to confirm the degree of exfoliation 
and obtain valuable information on the diameter and length distributions. Typical SWNT AFM samples 
are prepared on either silicon wafer or mica surfaces. Highly individualised SWNT dispersion is then 
either drop cast or spin coat onto the surface. The solvent has to be completely evaporated before AFM 
imaging as any residual solvent contaminates the scanning tip and generates an artefact in the image. 
This problem is easy to resolve in low boiling point solvents like water and ethanol for which drying 
under air overnight normally suffices. Whereas high boiling point SWNTs solvents like 
dimethylformamide (DMF) and N-methyl pyrrolidone (NMP) which boil at 153 oC and 202 oC 
respectively, means drying in atmospheric condition would be difficult to evaporate the solvents. Thus, 
SWNT AFM samples deposited from DMF and NMP must be dried at elevated temperature (preferably 
in vacuo) to ensure complete removal of residual solvents. 
Due to the problems associated with SWNT self-assembly (SWNTs position on grid, concentration, 
electron beam damage), it is difficult to characterise the assembled SWNTs with TEM. AFM is the central 
method in self-assembly characterisation. Instead of electron beam in TEM, direct mechanical contact is 
made between the scanning tip and the surface in AFM. There is no irradiation damage in AFM imaging 
which mean the fullerene linkers and SWNTs structure will remain intact throughout the imaging 
process.  
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Figure 3.4 – AFM micrograph of self-assembled SWNTs with gold nanoparticle centre. The brighter spot 
in the micrograph is the gold nanoparticle68. 
 
It has been demonstrated by Smalley group that AFM can be used to characterise self-assembled 
SWNTs68. Figure 3.4 shows one of the first examples of SWNT self-assembly with gold nanoparticle. The 
shape of the assembled SWNTs was called ‘seven minute to three’ as the two SWNTs resemble the 
structure of long and short hands in a clock. In theory, SWNTs self-assembly with the structural directing 
fullerene end-capped linkers is similar to that of SWNTs/gold nanoparticle assembly. The main 
difference between the two is at the junction point. In the Smalley assembly, gold nanoparticle linkage 
at the centre of the junction whereas in fullerene linker’s case, only a short chain polymer (PEG) will be 
present (fullerenes are encapsulated inside SWNTs, will not show in AFM imaging). It is not expected to 
observe the polymer spacer in the middle of the junction since the chain may enter the SWNTs which 
can not be imaged. In SWNT/gold nanoparticle assembly, the SWNT junction could form in any direction. 
In the simplest case of SWNTs assembly with bis-fullerene end-capped linker, the flexible PEG chain 
allows SWNTs to be connected at any angle. Thus, the observed SWNT-SWNT angle (inter-SWNTs angle) 
should be variable (any hour, any minute). Comparing AFM micrographs before and after SWNTs self-
250 nm
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assembly, the degree of self-assembly could be identified (pristine SWNTs are unlikely to contain any 
SWNTs junctions). 
AFM imaging can be carried out in either contact or tapping mode. In contact mode, the scanning tip is 
in constant contact with the surface and any SWNTs on the surface are likely to be pushed by the tip. 
Thus, all SWNTs imaging has been carried out using tapping mode. In tapping mode, the surface is 
divided into numerous points (depends on the required resolution) and the scanning tip only contact 
those designated points to map the whole surface. Therefore, any SWNTs on the surface will remain 
intact and the structure will not be affected. The diameter of the SWNTs were generally determined by 
the height profile of AFM micrographs as lateral distances on AFM micrograph are often unreliable as 
the SWNTs are significantly smaller than the scanning tip155. 
3.2.2.1 General Procedure of AFM Sample Preparation 
SWNT dispersions / self-assembled dispersions with low concentration (less than 10 µg/ml) are required 
for AFM imaging. All dispersions in this study were prepared in N-methyl pyrrolidone (NMP). 3 µL of 
dispersion is drop cast onto a pre-cleaned (in piranha solution) silicon wafer surface (5 mm x 5 mm, Agar 
Scientific, UK). The wafers are then dried in vacuo (connected to Schlenk line) and heated to 200 oC 
overnight. AFM images were taken in tapping mode using a Digital Instruments Multimode VIII AFM 
with a Nanoscope IV controller. All AFM micrographs were recorded with a resolution of either 256 or 
512 lines and typical scanning speed of 1 Hz. All AFM micrographs were processed using NanoScope 
Analysis version 1.40 (R2Sr), Bruker Corporation. 
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3.3 Thermal Gravimetric Analysis 
As-synthesised SWNTs often contain various contaminants such as amorphous carbon, graphitic particle 
and metal catalysts. Although high resolution microscopy can identify these materials easily, it often 
requires lengthy sample preparation and it is hard to quantify. A quick analytical method to characterise 
these contaminants is thermal gravimetric analysis (TGA). In short, a SWNT sample is heated in a 
controlled environment (with controlled heating rate) in either air or inert gas (mostly nitrogen). Since 
SWNTs have a high thermal degradation temperature, amorphous carbon and graphitic particle are 
degraded at lower temperature. Whereas metal catalysts do not degrade and remain in the sample, the 
residual mass of the sample is, therefore, the metal content (in the form of metal oxide when carried 
out in air) of the SWNTs sample. As carbonaceous materials and SWNTs degrade at different 
temperature, the two species may be divided into two degradation features in the TGA curve (in reality, 
they often don’t resolve as the degradation temperatures are too close). Calculating the mass ratio 
between the two degradation curves gives information about the carbonaceous and SWNTs content. 
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Chapter 4 – Synthesis of Fullerene End-
Capped PEG Linker Molecules 
4.1 Justification of the Dumbbell Structure 
Since the first priority of the project is to demonstrate the possibility of producing SWNT self-assembly 
with a structural directing fullerene end-capped linker, the first task is making the required linker 
molecule. To show the simplest SWNT-SWNT junction formation, a bis-fullerene end-capped linker 
(dumbbell) is needed. As discussed in Chapter 2, there are a number of reports in the literature of 
fullerene end-capped polymer with a relatively long chain spacer to separate the fullerene caps. 
Previous synthesis of bis-fullerene end-capped polyethylene (PEG) adduct was chosen as the initial 
linker molecule (See Figure 4.1)156. Since PEG is a common aliphatic polymer and various chain lengths 
are available commercially, this allows easy length modification to the fullerene linker molecule. In 
addition to the flexibility and widely available chain length, linear hydroxyl-terminated PEG can be easily 
converted into various functional groups if needed. In this case, the hydroxyl terminated PEG is 
converted into chloro-terminated PEG by reaction with thionyl chloride via a SNi mechanism. The 
chloride is then substituted by azide via a SN2 reaction. Then the azide attack fullerene surface via a 1,3-
dipolar cycloaddition to produce the desired fullerene end-caps (See Figure 4.2 for reaction mechanism). 
Various publications have been reported using the same synthetic methodology to produce either 
mono- or bis-fullerene end-capped polymer adduct which suggests this method is reasonably well 
established23,133,157. The main advantage of choosing this particular example is the ease of purification 
procedure. As shown in the literature review of fullerene functionalisation chemistry, it often takes 
numerous chromatography steps to separate out relatively low yield fullerene adduct. The separation of 
the resulting dumbbell fullerene linker molecule only required extraction in tetrahydrofuran (THF) and 
no lengthy column chromatography is involved. 
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Figure 4.1 – Proposed synthetic procedure for bis-fullerene end-capped polyethylene glycol via reaction 
of azido terminated linear PEG with fullerene C60
156. 
 
Figure 4.2 – Mechanism of the chemical transformation from hydroxyl-terminated PEG, OH-PEG-OH to 
Cl-PEG-Cl, then N3-PEG-N3 and eventually bis-fullerene end-capped PEG, C60-PEG-C60. Since bis-
substituted telechelic PEG reacts in identical way for the two terminals, only one end is shown in the 
figure (R denoted the rest of the PEG chain with identical chemistry at the other end). 
 
Three PEG chain lengths were chosen and employed in the synthesis of bis-fullerene end-capped linker. 
The chosen PEGn are PEG3350, PEG1000, PEG200 (n denoted the average molecular mass of the PEG, 
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manufacturer’s value). Using various PEG chain lengths generate linkers with different degree of 
fullerene separation which may have different effect in SWNT self-assembly. 
4.2 Result and Discussion 
 
Figure 4.3 – Reaction scheme of the synthesis of both bis-fullerene end-capped linker (C60-PEG200-C60) 
and fullerene PEG diamond ring structure (    
       
  and    
       
 ). 
 
Despite the indications in the literature, the chosen synthetic methodology for the synthesis of bis-
fullerene end-capped linkers resulted in an unexpected new geometry of the fullerene PEG adducts. The 
desired dumbbell structure was only successfully synthesised with PEG200 to give C60-PEG200-C60. 
Unexpectedly, longer PEG chains produced closed ring structures (    
       
  and     
       
 ) 
(diamond ring structure). The only variable in this synthesis is the chain length of the PEGs, the same 
C60-PEG200-C60
C60
PEG1000
C60
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45%
[1]
59%
[2]
86%
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reaction condition were applied throughout the whole experiment. It suggests that the proposed 
synthetic procedure may not be applicable to any PEG chain length but predominantly the shorter PEG 
chain as the desired dumbbell was only produced with the shorter PEG200. A detailed analysis of the 
resultant products have been carried out in order to verify the relationship between PEG chain length 
and geometry of the final fullerene adducts. By understanding this reaction in more detail, modifications 
to the reaction condition/procedure might be applied to control the final fullerene adducts geometry. 
The initial Cl–PEG3350–Cl and N3–PEG3350–N3 derivatives were prepared following the procedure reported 
by Goh et al.158.  The electronegativity difference of nitrogen compared to oxygen allows PEG-azide to be 
identified by 1H NMR (see Figure 4.4 for 1H NMR spectra of OH–PEG3350–OH, Cl–PEG3350–Cl and 
N3-PEG3350–N3), since the α–proton chemical shift for the N3-PEG3350–N3 appears at 3.42 ppm (lit. 
3.36 ppm)120 compared to 3.75 ppm for OH-terminated PEG3350. The transformation of chlorides into 
azides is also confirmed by the presence of the azide stretching (ν(asymmetric N3) 2095  cm
-1) in FTIR 
(Figure 4.5)158. Further evidence for successful PEG end group transformations is provided by MALDI–
TOF–MS (See Appendix for MALDI-TOF spectra of OH–PEG3350–OH, Cl–PEG3350–Cl and N3–PEG3350–N3); 
these data are especially helpful to monitor the transformation from hydroxyl to chloride due to the 
similar electronegativity of oxygen and chlorine which makes NMR assignment difficult. Isolated 
N3-PEG–N3 was subsequently reacted with C60 to afford C60 end-capped PEG adducts
158.  
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Figure 4.4 – 1H NMR spectra of OH–PEG3350–OH, Cl–PEG3350–Cl, N3–PEG3350–N3 and PEG3350-C60 adduct 
(diamond ring). All spectra were recorded with D1 = 1 sec whereas the fullerene-C60 adduct was 
recorded with D1 = 20sec (See Appendix A2 for D1). 
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Figure 4.5 – IR spectra of OH–PEG3350–OH, N3–PEG3350–N3 and PEG3350-C60 adduct (diamond ring). 
 
With all spectroscopic analysis confirming the successful transformation from hydroxyl-terminated PEG 
to azido terminated PEG, the focus is now concentrated on the structural characterisation of the 
fullerene-PEG adduct. PEG3350–C60 adduct was chosen for main characterisation. As previous literature 
reported similar fullerene adducts prepared with PEG2000 and PEG5000, PEG3350 used in this study would 
be an ideal candidate for the characterisation and comparison with literature. Another key factor has 
taken into account is the solubility of PEG3350–C60 adduct is significantly better than others due to the 
long PEG chain. Poor solubility has limited spectroscopic analysis (especially in NMR) in the case of 
PEG1000 and PEG200 fullerene adducts. 
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4.2.1 Characterisation of PEG3350-C60 Adduct, Diamond Ring or Dumbbell? 
Initially, THF washing 158 was used to isolate the PEG3350–C60 adduct from the crude mixture. However, 
weak absorption bands, characteristic for pristine C60
159, at ca. 2000-2500 cm
-1 in FTIR spectrum of 
PEG3350 – C60 adduct (THF washed) revealed the presence of unreacted C60 in isolated PEG3350–C60 
(Figure 4.5). These FTIR results suggested that THF extraction was not sufficient to isolate the 
PEG3350-C60 product, as pristine C60 is not completely insoluble in THF (0.06 mg mL
-1)160. Instead, after 
THF extraction, the product was further extracted by water as PEG3350–C60 adduct is water soluble due to 
its long hydrophilic PEG chain. The FTIR spectrum of water extracted PEG3350–C60 adduct (Figure 4.5) 
confirmed removal of unreacted C60. The FTIR analysis of PEG3350–C60  adduct (water extracted) also 
confirms successful azide addition by the complete loss of the characteristic azide absorption band at 
2095 cm-1 and the appearance of a medium intensity band at 1720 cm-1 which is probably attributed to 
the aziridine ring (C-N) stretching (Figure 4.5)161. Free aziridine ring structure shows a (C-N) stretching at 
around 1650 cm-1. Since the fullerene surface creates an unusual strain on the aziridine ring, the (C-N) 
stretching is shifted to higher wavenumber. The UV-vis spectrum of pure C60 shows a characteristic 
UV-vis absorption maximum at 336 and 409 nm, whilst the PEG itself is featureless in the range 
measured (Figure 4.6). Once the PEG3350-C60 adduct is formed, the characteristic C60 absorption band 
blue shifts by 8 nm to 324 nm, confirming a covalent attachment between pristine C60 and N3-PEG3350-N3. 
Such a shift in the UV-vis spectrum is a characteristic for fullerene bis-adduct (fullerene mono-adduct 
shows similar absorption profile as pristine C60). Eight possible regioisomers (See Figure 4.7) can be 
formed in fullerene bis-adduct grafting reaction162. Detailed UV-vis analysis has been reported for bis-
fullerene adducts and only the trans-1 bis-adduct has a similar blue shift in the UV-vis spectrum162. In 
contrast, all the other seven bis-adduct regioisomers (trans-2, trans-3, trans-4, equatorial, cis-3, cis-2, 
and cis-1) formed during the reaction condition were reported to display absorption maxima at around 
400-700 nm which is well-above the observed 328 nm.  
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Figure 4.6 – UV-vis Spectra of PEG3350, pristine fullerene C60, PEG3350-C60 adduct and C60-PEG200-C60 
(dumbbell). All spectra were recorded in toluene. 
 
 
Figure 4.7 – Possible regioisomers of fullerene bis-adducts. 
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Further evidence for the formation of the symmetrical bis-adduct is provided by 1H NMR spectroscopy 
(Figure 4.4). Compared to the parent polymer (PEG3350), the 
1H NMR spectrum of the PEG3350–C60 
diamond ring shows two new signals at 4.45 and 3.80 ppm, associated with the new bond formation. 
Due to the conjugated, but not superaromatic π-system, protons closer to the C60 surface are 
de-shielded163. Hence, the most de-shielded new signal, at 4.45 ppm, is assigned to α–protons and the 
other signal at 3.80 ppm to the β–protons (Figure 4.4). The 1H NMR spectroscopic results suggest that 
the bis-addition of N3–PEG3350–N3 to C60 is symmetrical since only one set of α– and β–protons are 
observed. As in the case for the bis-addition of  azomethine ylides to C60
162, the 1H NMR spectrum of 
bis-adducts formed is consistent with trans–1 addition to C60. In theory, the integral ratio of α–protons 
and β–protons is expected to be 1:1. Although the observed ratio (β / α= 1.2) is close to expected value 
it was slightly affected by the contribution of the main PEG backbone satellite that appears at the same 
chemical shift as the β–proton. Unfortunately, no 13C NMR was recorded which was probably due to 
long relaxation times164. 
Overall, the 1H NMR spectroscopic data, supported by FTIR and UV-vis, indicate successful covalent bis-
addition of N3–PEG3350–N3 to C60. In addition, MALDI-TOF-MS was used to confirm that the diamond ring 
(    
   
 ) geometry formed in preference to the dumbbell (C60–PEG3350–C60) structure; a low laser 
intensity (90mW) was used to minimize any fragmentation of the polymer chain or dissociation of 
terminal C60 molecules. The mass spectrum of PEG3350–C60 adduct shows a Gaussian distribution of 
positively charged ions ranging from m/z 2297 to 4720 (Figure 4.8). Assuming an average of sixty five 
ethylene oxide repeating units for the chain, the theoretically expected masses ([M+Na]+) for diamond 
ring (    
       
 ) and dumbbell (C60–PEG3350–C60) can be calculated as 3660.73 and 4380.73 Da, 
respectively (the signal corresponded to sixty five repeating units is the most intense signal in the 
starting PEG3350 mass distribution, see Appendix for full MALDI-TOF spectrum of PEG3350). It is clear from 
the mass spectrum that the reaction of N3–PEG3350–N3 with excess C60 does not yields a dumbbell 
structure (C60-PEG3350–C60); rather, the data indicates the formation of a diamond ring structure (single 
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fullerene), at around 720 Da (C60 = 720 Da) less than that of the theoretically expected mass of 
C60-PEG3350–C60. Close inspection of positively charged ions ranging from 2297 to 4720 m/z (Figure 4.9) 
indicate that the observed mass values are not related to fragmentation of the dumbbell structure as 
the molecule still contain the full chain of PEG. This finding is further supported by elemental analysis 
(EA) of the PEG3350-C60 adduct which shows a composition of C (60.23 wt%) and H(7.25 wt%) with a C:H 
ratio of 8.31; the calculated composition for the diamond ring structure (assuming 65 repeating units) is 
C, (63.35 wt%) and H (7.31 wt%); which gives a C:H ratio of 8.67; the calculated value for the dumbbell 
structure is C, (69.41 wt%) and H, (6.10 wt%) and the C:H ratio is 11.38. Only the diamond ring C:H ratio 
is in good agreement with the experimental value.  
 
Figure 4.8 – MALDI-TOF spectrum of    
       
 .  
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The MALDI and EA confirm the formation of a mono-fullerene substituted PEG3350-C60 adduct. The 
simplicity of the 1H NMR spectrum indicates the adduct is a symmetrical molecule which structurally 
could only be explained by a diamond ring (    
       
 ) structure in trans-1 conformation. Other 
mono-fullerene substituted linear PEG3350 chains bearing azide (C60 – PEG3350 – N3), amine 
(C60-PEG3350-NH2) or hydroxyl (C60–PEG3350–OH) end-groups can also be ruled out as follows. Whilst these 
alternatives vary only slightly in mass, a detailed comparison of the possible masses is only consistent 
with a diamond ring structure (See Table 4.1 for calculated masses for C60–PEG3350–N3, C60–PEG3350–NH2 
and C60–PEG3350–OH). More importantly, these fullerene-PEG derivatives would show two sets of 
protons signal with equal intensities correspond to the two asymmetric terminals in 1H NMR 
spectroscopy, but only 1 set of signals was observed. The simplicity of the 1H NMR spectrum indicates 
the adduct is a symmetrical molecule which structurally could only be explained by a diamond ring 
(    
       
 ) structure in trans-1 conformation. Furthermore, the experimental isotopic pattern for the 
sixty five ethylene oxide repeating unit peak ([M+Na]+ = 3660.73 Da) closely matches the theoretical 
monoisotopic peak pattern of the diamond ring (Figure 4.9). A control experiment without fullerene 
showed that the pure N3–PEG3350–N3 did not decompose to amine when heated under identical 
conditions, as monitored by FTIR. Furthermore, a ninhydrin test on the C60 –PEG3350 adduct found no 
primary amine.  
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Table 4.1 – Comparison of calculated monoisotopic mass (with 65 repeating units) of possible 
derivatives to    
       
 . 
Structure 
Empirical 
formula 
(65 repeating 
units + Na
+
) 
Calculated 
monoisotopic 
mass 
(65 repeating 
units + Na
+
) 
Mass difference to 
diamond ring 
 
   
       
  
 
 
   
       
  
C192H264N2O65Na 3660.7310 - 
 
C192H265NO66Na 3663.7307 3 
 
C192H266N2O65Na 3662.7467 2 
 
C192H264N4O65Na 3688.7372 28 
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Figure 4.9 – Experimental isotopic pattern for the primary peak of the C60-PEG3350 adduct (top) 
compared with the simulated monoisotopic pattern for    
       
  with sixty five ethylene oxide 
repeating units (bottom).  
 
4.2.2 Characterisation of PEG1000-C60 and PEG200-C60 Adducts 
In the case of N3–PEG1000–N3, the adduct was isolated using THF extraction (×3) since it was insoluble in 
water probably due to shorter PEG chain length compared to PEG3350. The MALDI-TOF spectrum of the 
PEG1000 adduct displayed a Gaussian distribution of positively charged ions in the range of 1400 – 2000 
m/z, centred around the theoretically expected mass for the diamond ring PEG1000 adduct ([M+Na]
+); the 
experimental monoisotopic peak pattern for the adduct with 20 ethylene oxide repeating units (the 
most intense signal in the starting PEG1000 mass distribution) ([M+Na]
+ = 1679.55) was consistent with 
the formation of diamond ring (    
       
 ).  
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Figure 4.10 – MALDI-TOF spectrum of    
       
 . Inset showing expanded region of 1400–2000 m/z. 
The only difference between    
       
  and    
       
  is the length of the polymer backbone. 
However, the longer PEG chain offers a benefit in purification. As mentioned above, THF alone was not 
sufficient to remove all unreacted fullerene. Having a relatively long PEG chain in the fullerene/PEG 
adducts (PEG3350) makes the adduct water soluble, simplifying the complete removal of free fullerene 
since pristine C60 is insoluble in water. 
Unlike the longer PEG–C60 analogues ( 
   
       
  and    
       
 ), the PEG200–C60 adduct was not 
easily isolated by extracting with water or washing with THF. The short PEG200 chain, accentuated by bis-
addition of fullerene, makes the adduct insoluble in both water and THF. In contrast to the PEG3350 and 
PEG1000 products, the mass spectrum of the isolated PEG200–C60 adduct (Figure 4.11) showed no peaks 
related to diamond ring (    
      
 ) formation, around the theoretically expected mass range 
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(975.13 m/z for four ethylene oxide repeating units). Instead, a Gaussian mass distribution of positively 
charged ions ranging from 1100 to 2300 m/z was observed, consistent with the formation of dumbbell 
structure (C60–PEG200–C60). 
 
Figure 4.11 – MALD-TOF spectrum of C60-PEG200-C60 (diamond ring).(*) indicate the expected position for 
the PEG200-C60 (diamond ring) but no signal in that region was observed. 
 
Clearly the PEG chain length determines the molecular structure of the resulting PEG–C60 adducts. 
Simple space filling models of C60–PEG200–C60 and 
   
      
  based on four ethylene oxide repeating 
units show that the PEG200 chain is insufficiently long enough to wrap around the fullerene for trans–1 
addition (Figure 4.12). In this case, with diamond ring formation suppressed, dumbbells are favoured.  
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Figure 4.12 – Space filling model of both C60–PEG200–C60 and 
   
      
 . 
 
Previous literature suggesting selective synthesis of fullerene bis-adduct could be achieved by a huge 
excess of grafting species in reaction (1:10 equivalent of starting C60 and grafting species)
162. In the 
preparation of both diamond rings and dumbbells, 20 equivalent of C60 were used in the reaction in 
order to force the reaction to mono-adduct, dumbbell structure. Despite the large excess of C60 available 
during the reaction, PEG with longer chain lengths did not react to give the dumbbell structure, but the 
diamond ring. Most previously reported fullerene bis-adducts were synthesised with two individual 
substituents, therefore, could not be classified as diamond ring since the substituents are not covalently 
connected130. Recent example suggested that it is possible to get a diamond ring structure but only if 
specific protective groups are used during the synthesis165. All our spectroscopic data strongly supported 
the trans-1 diamond ring conformation. Since previous literature of bis-adduct formation was carried 
out with azeomethine ylide addition162 instead of azide click reaction, reaction outcome could be very 
different. In addition, previous bis-adducts did not encounter the long chain PEG substituent in the 
synthesis. It could be due to the highly tangled PEG chain is sterically hindered which make the second 
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azide addition difficult to take place on other position on the fullerene but only on the opposite position 
to give the trans-1 bis-adduct.  
4.3 Conclusion 
Both diamond ring and dumbbell structures were successfully synthesised using the click reaction of 
N3-PEG–N3 with C60. The final structure of the polymer-fullerene adducts is determined by the polymer 
chain length. Previous studies had assumed a dumbbell structure would be formed for all bis-azido 
terminated PEG reactions with fullerene, but without sufficient spectroscopic evidence to identify the 
final structure fully. Experimental date shows that it is necessary to perform detailed characterisation, 
particularly using MALDI (and supported by EA) to establish the structure. In fact, diamond ring 
structures dominate, except where they are sterically frustrated by the shortness of the linking PEG 
chain.  
Although the shorter PEG200 produce dumbbell structure is still suitable for self-assembly purpose, this 
method may not be suitable to produce higher order fullerene end-capped linkers such as tris- or 
tetrakis- fullerene end-capped linkers for higher order SWNTs self assembly. It seems like any polymer 
chain grafting involves direct functionalisation of fullerene surface may result in similar problem due to 
both polymer chain dynamic and reactivity of fullerene issue. 
4.4 Experimental 
C60 (purity > 99%) was obtained from SES Research, Houston, USA. PEG with Mn = 200, 1000, 3350 Da 
were purchased from Sigma Aldrich and azeotropically dried overnight using toluene. Azeotropic 
distillation was performed with Dean-Stark trap and reflux condenser under N2. As water is denser than 
toluene, residual water is trapped in the bottom of the Dean-Stark trap. Thionyl chloride (≥ 99.5%) was 
obtained from Fluka. Thin layer chromatography (TLC) was carried out with aluminium plate covered 
with silica gel (silica gel 60 F254, unmodified, Merck). All other solvents were purchased from VWR and 
used without further purification.  
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Synthesis of Cl – PEG – Cl and N3 – PEG – N3 
Cl–PEG–Cl and N3–PEG–N3 were synthesized following the literature procedure reported by Goh et al.
158. 
In brief, the bis-hydroxyl terminated PEG was first converted to bis-chloro terminated PEG (Cl–PEG–Cl) 
by reaction with thionyl chloride. The Cl–PEG–Cl was then reacted with sodium azide to afford bis-azido 
terminated PEG (N3–PEG–N3).  
Synthesis of C60 terminated PEG3350 diamond ring ( 
   
       
 ) 
Azido terminated PEG3350 (0.1g, 1eq) was dissolved in 15 ml of o-dichlorobenzene in a 2-necked 50 ml 
round bottom flask fitted with a condenser and connected to vacuum line. C60 (0.43g, 20eq) was 
dissolved in 20 ml of o-dichlorobenzene and transferred into a pressure equalising dropping funnel and 
fitted to the round bottom flask. The C60 solution was then added drop wise into the stirred PEG 
solution. The mixture was then heated to 140oC and stirred for 24 hours. Solvent was evaporated in 
vacuo and 50 ml of THF was added to the remaining solid. The THF solution was stirred at room 
temperature overnight and filtered under gravity to yield a dark brown solid. The solid was then 
dissolved in 20 ml of water to give a yellow solution and unreacted C60 was filtered off under gravity. The 
water was evaporated in vacuo and the solid was then freeze dried in vacuo to yield dark brown solid 
    
       
  (0.08g, 86%). 
Characterisation Data for    
       
 . Rf=0.26 toluene/methanol (9/1 v/v). 
1H NMR (400 MHz, CDCl3, 
D1 20 sec): δ 4.48 (t, 4H, J = 4Hz, C60-CH2-CH2-O-), 3.80 (t, 4H, J = 4Hz, C60-CH2-CH2-O-) 3.67 (m, 292H, 
main PEG) ppm. FT-IR (ATR) ν/cm−1: 3462, 2889, 2871, 1728, 1468, 1361, 1342, 1281, 1242, 1150, 1102, 
1062, 961 and 843. MALDI-TOF m/z: C192H264O65N2Na [M+Na]
+ Calcd. 3660.7310, found 3660.9 Da. Anal 
Calcd. For C192H264N2O65: C, 63.33; H, 7.31; N, 0.77; O, 28.58. Found: C, 60.23; H, 7.25; N, 0.90; O, 31.62 
All values are given as percentages. 
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Synthesis of C60 terminated PEG1000 diamond ring ( 
   
       
 ) 
The C60 terminated PEG1000 was synthesised following the same procedure described above for 
    
       
 . The resulting crude product after solvent removal was extracted by THF (3 ×) since it was 
not water soluble. Removal of THF in vacuo afforded dark brown solid    
       
  (0.056, 59%). 
Characterisation Data for    
       
 . Rf=0.34 toluene/methanol (9/1 v/v). FT-IR (ATR) ν/cm
−1: 3391, 
2972, 2877, 1729, 1463, 1431, 1384, 1353, 1292, 1249, 1184, 1105, 1044, 954, 856 and 752. MALDI-TOF 
m/z: C102H84O20N2Na [M+Na]
+ Calcd. 1679.5515, found 1679.0 Da.  
Synthesis of C60 – terminated PEG200 dumbbell (C60 – PEG200 – C60) 
The C60–terminated PEG200 was synthesised following the same procedure described above for 
   
       
 . The resulting crude product was purified by silica gel column chromatography with 
toluene/methanol (9/1 v/v) as eluent, giving C60–PEG200–C60 (0.04g, 45%) as dark brown solid. 
Characterisation Data for C60–PEG200–C60. Rf=0.55 toluene/methanol (9/1 v/v). FT-IR (ATR) ν/cm
−1: 3404, 
2936, 2883, 1738, 1642, 1431, 1360, 1183, 101 and 729. MALDI-TOF m/z: C130H20O4N2Na [M+Na]
+ Calcd. 
1607.0796, found 1605.1 Da.  
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Chapter 5 – Synthesis of Poly and 
Monodisperse Branched Fullerene End-
Capped Linkers 
5.1 PCBM as Starting Material 
Since the previous synthetic method is only suitable for short chain length polymer, an alternative 
method to produce structurally well-defined fullerene end-capped linker is desperately needed. As 
shown in chapter 4 and various literatures, covalent functionalisation of pristine fullerene often results 
in bis- or multiple adducts130,162. Direct grafting onto fullerene surface, therefore, should be avoided as 
separation of the desired mono-adduct from the reaction mixture could be extremely difficult. Since the 
discovery of fullerene1 in 1985, a number of fullerene applications have been proposed166. One of the 
most studied applications is the incorporation of fullerene into materials for photovoltaic (PV) 
application, particularly in polymer based bulk heterojunctions (BHJ) solar cells167-170. However, pristine 
fullerene C60 low solubility and processability in common organic solvents has limited their direct use in 
solution. Thus, a wide range of chemistry of fullerene has been developed and various fullerene 
derivatives with enhanced solubility have been reported171-177 (also see chapter 2 for fullerene 
functionalisation). However, it is very important to preserve the electronic property of pristine C60 while 
increasing the solubility. To avoid losing the electronic property of fullerene, the degree of 
functionalisation should be kept to minimal, single grafting to give mono-functionalised adducts. For all 
these reasons, Phenyl-C61-butyric-acid-methyl-ester (PCBM)
80 has been developed and it can be found in 
almost all the BHJ solar cells. As a result, this material is now available commercially. Since an ester 
moiety is already grafted onto the fullerene surface to give a mono-adduct, further functionalisation 
could be achieved by direct modification to the ester without affecting the rest of the fullerene surface. 
Since then, various fullerene derivatives have been prepared using PCBM as a starting material. In 
general, the PCBM ester is first hydrolysed (by acetic acid / trifluoroacetic acid, TFA) to give carboxylic 
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acid (phenyl-C61-butyric-acid, PCBA). It is then converted to acid chloride (by reacting with SOCl2) for 
further condensation via nucleophilic addition178. 
There are various ways to incorporate a PEG chain onto a PCBM molecule. Direct condensation between 
hydroxy-terminated PEG with the acid chloride derivative of PCBM is one of the easiest method. Thus, a 
hydrolysis of PCBM has been carried out in order to produce the acid chloride derivative of the PCBM. 
However, the resulting PCBA was found to be almost insolube in most organic solvents (only sparingly 
soluble in o-DCB and CS2) which limit further characterisation. Thus an alternative synthetic route is 
needed to aviod the formation of insoluble PCBA. Since PCBM contains a simple methyl ester and PEG 
contains primary alcohol groups, the two could be reacted together in a simple transesterification 
reaction. Hence, a simple acid catalysed transesterification of PCBM and linear bis-hydroxyl terminated 
PEG was attempted in order to produce bis- fullerene end-capped PEG linker. Despite having excess 
PCBM and prolonged reflux (3 days) in toluene, the two starting materials were collected without any 
structural changes. Alternative transesterification route was needed in order to aviod mutiple reaction 
steps in the synthesis. A dibutyltinoxide (DBTO) catalysed was therefore employed in the synthesis of 
fullerene end-capped linkers. 
Unlike the azide addition to fullerene where only short chain polymer gives the desired mono-adduct, 
the functionalisation via ester linkage in PCBM offers a wider flexibility and control in the synthesis of 
multi-fullerene end-capped linkers. Since there is only one reactive ester in PCBM molecule, the 
geometry of the fullerene linker could be solely controlled by using linear / branched PEG core with 
multiple hydroxyl terminated arms. This synthetic route could be easily employed in the synthesis of a 
new range of fullerene linkers with various number of fullerene caps which might be useful in the self-
assembly of SWNTs. A linear PEG with two hydroxyl groups would give a bis-fullerene end-capped linker. 
Whereas a star shape PEG with multiple arms having hydroxyl terminals could be used to make a multi-
fullerene end-capped linker. This specific synthetic procedure was originally proposed by Kronholm et al. 
to produce cyclic PCBM necklace179. Unlike the PCBA route where multiple reactions are required, direct 
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transesterification provide a one-pot synthesis strategy for the fullerene linker molecule. Therefore, this 
method has a great potential to become a standardised method in fullerene linker preparation.  
5.2 Synthesis of mono-, bis-, tris & tetrakis Fullerene End-capped PEG Linkers 
In order to make various multiple fullerene end-capped linkers for the SWNTs self-assembly, a range of 
PEGs core have been selected as the core for the linkers. Mono-fullerene linker was synthesised from a 
simple propoxyethanol to mimic a short PEG chain for control experiment purpose. Bis-fullerene PEG 
linker was synthesised from linear bis-hydroxyl terminated PEG. Whereas more sophisticated tris- and 
tetrakis-fullerene linkers were synthesised from the corresponding three and four arms PEG stars. 
SWNTs supramolecular self-assembly with these four linkers should allow a complete investigation of 
the process. Each linker should give unique self-assembled SWNTs structure. Mono-fullerene linker 
should not promote any self-assembly. Bis-fullerene linker should give a linear SWNTs chain. Tris- and 
tetrakis-fullerene linkers should give a 2D and 3D SWNTs network respectively. 
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Figure 5.1 – Reaction scheme of mono-, bis- tris- and tetrakis-fullerene end-capped linkers. 
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5.3 Result and Discussion 
5.3.1 Characterisation of mono-fullerene End-capped PEG Linker 
Since the mono-fullerene linker, Phenyl-C61-butyric-acid-propoxyethyl-ester, (PrOEt-OPCB [5], OPCB 
denote the linkage attached via oxygen in ester) was prepared from PCBM and a simple alcohol, the 
mono-linker was easily purified by column chromatography using Tol/MeOH 9:1 (unreacted PCBM was 
removed by pure toluene). The presence of the fullerene/propoxy ethyl ester linkage was confirmed by 
1H NMR spectroscopy where newly formed methylenes (adjacent to ester) signal at 4.25 ppm (See 
Figure 5.3). 
 
Figure 5.2 – 1H NMR spectrum of propoxyethanol 
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Figure 5.3 – 1H NMR spectrum of PrOEtOPCB. Protons (j & k) were masked by the water and vacuum 
grease signal between 0.87 – 1.63 ppm. 
 
Unlike the characterisation of mono-fullerene linker, the confirmation of the other fullerene linkers is 
more complicated. In principle, the extent of the transesterification reaction can be determined by the 
ratio of the chain terminal resonances to the polymeric backbone. However, an accurate assessment of 
this ratio for the starting PEGs is needed as a reference. Unfortunately, the resonances corresponding to 
protons (alpha proton, α) adjacent to the terminal hydroxyl groups overlap with the PEG backbone as 
the chemical environment of the alpha position is identical to the backbone (attached to oxygen 
directly). To establish a suitable control and confirm the nature of starting materials, each starting 
PEGx(OH)n was treated with highly reactive trifluoroacetic anhydride (TFFA)/CDCl3 (1:19 v/v) in an NMR 
tube to give the corresponding per-acylated PEGn(OCOCF3)n derivative in situ
180. 
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5.3.2 Characterisation of Starting PEGs 
The electronegative trifluoroacetyl substituent deshielded the adjacent acyloxymethylene protons 
(alpha proton, α), F3CCO2CH2CH2O, giving a signal at ca. 4.51 ppm well resolved from the PEG backbone. 
Thus, the average number of repeating units of each PEG compound was obtained from the integral 
ratio of the acyloxymethylene protons to the main PEG signals (see Figure 5.4 – 5.6) and found to be 4, 
21 & 15 for bis-OH, tris-OH and tetrakis-OH terminated PEGs respectively. The 1H NMR spectroscopic 
findings for tris- and tetrakis-OH are consistent with the weight distributions in the MALDI spectra of the 
pure PEG cores (See Figure 5.7 – 5.8 for MALDI-TOF of PEG~21(OH)3 and PEG~15(OH)4). 
 
 
Figure 5.4 – 1H NMR spectrum of PEG~4(OCOCF3)2 (n ~ 3). 
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Figure 5.5 – 1H NMR spectrum of PEG~21(OCOCF3)3 (n1 + n2 +n3 ~ 20). 
 
Figure 5.6 – 1H NMR spectrum of PEG~15(OCOCF3)4 (n4 + n5 + n6 + n7 ~ 13). 
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Figure 5.7 – MALDI-TOF spectrum of PEG~21(OH)3. 
 
Figure 5.8 – MALDI-TOF spectrum of PEG~15(OH)4. 
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However, in the 1H NMR spectrum of PEG~15(OCOCF3)4 (Figure 5.6), there is an extra signal at 4.42 ppm, 
adjacent to the α proton signal. This signal which must be generated by acylation of terminal hydroxyl 
with TFAA, implies that the tetrakis-OH terminated PEG contains a distinctive second species. Most 
likely, a fraction of the molecules contain a CH2-OH stub, directly linked to the central sp
3 carbon, rather 
than through an ether linkage (Figure 5.1 in 4, one of n4/5/6/7 = 0). To confirm this hypothesis, a 
13C NMR 
spectrum was recorded for PEG~15(OCOCF3)4 (Figure 5.9). Two singlets at around 45-46 ppm are in the 
range of the single quaternary carbon expected at the centre of the starting PEG~15(OH)4; the extra signal 
indicates that there is a quaternary centre having a short arm. The 13C DEPT 135o (distortion 
enhancement by polarisation transfer) NMR spectrum of PEG~15(OCOCF3)4 (Figure 5.10) only showed the 
main PEG signals, the two singlets at around 45-46 ppm were not observed, consistent with the 
explanation that they correspond to two quaternary centres. Due to the similarity in the polarity of both 
species, it is difficult to separate them. Since PCBM is a bulky molecule, a relatively longer side chain 
should assist the grafting reaction; steric effects may prevent fullerene attaching onto short side chains, 
particularly on the CH2OH stub. 
 
Figure 5.9 – 13C NMR spectrum of PEG~15(OCOCF3)4. 
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Figure 5.10 – 13C DEPT 135o NMR spectrum of PEG~15(OCOCF3)4. 
 
5.3.3 Characterisation of Multi-Fullerene End-Capped Linkers 
Similar to that of mono-fullerene linker, the 1H NMR spectrum of PEG~5(OPCB)2 (Figure 5.11) showed a 
new signal at 4.25 ppm corresponding to the α proton of the new species (adjacent to the newly formed 
ester linkage). Further support to this NMR finding was given by the MALDI-TOF spectrum. The mass 
spectrum of PEG~5(OPCB)2 (Figure 5.12) verified the formation of doubly transesterified PEG~5(OH)2, 
showing four main clusters of positively charged [M+Na]+ ions ranging from 1970 to 2160 m/z (n = 4 to 
7), where each peak region corresponds to the bis-fullerene end-capped PEG dumbbells with differing 
numbers of ethylene oxide repeat units. Considering the penta-ethylene oxide repeat unit cluster in 
detail (Figure 5.12), the experimental isotopic peak pattern of PEG~5(OPCB)2 was consistent with the 
simulated pattern across all expected masses, from [M+Na]+obs = 2017.23, [M+Na]
+
calc = 2017.21. 
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Figure 5.11 – 1H NMR spectrum of PEG~4(OPCB)2. 
 
Figure 5.12 – MALDI-TOF spectrum of PEG~4(OPCB)2. (Right) : Observed (top) and calculated (bottom) 
isotopic pattern for PEG4(OPCB)2. 
δ (ppm)
c a
4290 4300 4310 4320 4330 4340
0
20
40
60
80
100
15 EGs
44.1 4336.0
In
te
ns
ity
 %
4100 4200 4300 4400 4500
14 EGs
4291.9
4332 4336 4340 4344
4332 4336 4340 4344
 
m/z m/z
m/z m/z
3570 3580 3590 3600 3610 3620 3630 3640 3650
0
20
40
60
80
100 19 EGs 20 EGs
3630.9
In
te
ns
ity
 %
443586.9
3300 3450 3600 3750 3900
3627 3630 3633 3636 3639
3627 3630 3633 3636 3639
2020 2030 2040 2050 2060 2070
0
20
40
60
80
100 5 EGs 6 EGs
2062.2
In
te
ns
ity
 %
44
2018.2
1980 2010 2040 2070 2100
m/z
2016 2019 2022 2025
2016 2019 2022 2025
m/z
(A)
(B)
(C) (C*)
(A*)
(B*)
In
te
n
si
ty
 %
Mass (m/z)
95 
 
Purification of both tris- and tetrakis- fullerene adducts were performed by successive column 
chromatography. Since PEG is known to have a strong adhesion to silica gel181, any unreacted PEG 
remains in the column and is eluted as the last fraction. The polarities of the molecules decrease with 
increasing number of covalently grafted non-polar fullerenes. Hence, after the removal of unreacted 
PCBM, the fully substituted adducts in both tris- and tetrakis- fullerene PEG stars are eluted first using 
Tol/MeOH 9:1 v/v mixture. The fraction of methanol was kept constant during chromatography in order 
to prevent possible hydrolysis of the newly formed ester linkages. All detailed analyses were carried out 
with these first eluted fractions from column chromatography. 
 
Figure 5.13 – MALDI-TOF spectrum of PEG~21(OPCB)3 
 
The MALDI spectrum of PEG~21(OPCB)3 (figure 5.12) clearly confirmed the successful formation of the 
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distribution at around 2752 and 1741 m/z) were also observed in the spectrum. As shown in the starting 
PEG~21(OH)3 MALDI spectrum (Figure 5.7), the polymer contain an average of 21 repeating units (highest 
intensity at 21 repeating units). In order to identify the associated mono- and bis-fullerene adduct 
distribution, a direct comparison of the distribution mass to the corresponding number of repeating 
units was constructed.  
 
Figure 5.14 – Comparison of the observed mass distributions in PEG~21(OPCB)3 MALDI. 
 
As shown in Figure 5.14, the distributions centred at 3630 and 2752 m/z correspond to the tris- and bis-
fullerene substituted PEG~21(OH)3 as the number of repeating units did not change during the reaction. 
However, the distribution centred at 1741 m/z is within the range of a mono-fullerene substituted 
PEG~21(OH)3 with 17 repeating units. The high polydispersity of 3-armed PEG triol made 
chromatographic purification of fullerene end-capped PEG adducts PEG~21(OPCB)3 very difficult, 
compared to the PEG~5(OPCB)2 derived from the relatively well-defined PEG~5(OH)2. The variations in 
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PEG molecular weight smeared the variation in polarity associated with bis- and tris-substituted 
fullerene species. Thus, mono-fullerene substituted 3-arms PEG with shorter arms length could in 
principle be eluted out from the column as shorter chain length reduced the polarity of the molecules. 
However, close inspection of the monoisotopic pattern of the 1741 m/z signal was made and compared 
to the calculated monoisotopic pattern of PEG17(OPCB)(OH)2. Figure 5.15 clearly showed that the 
observed monoisotopic pattern does not match with the calculated signal which suggests the mass 
distribution centred at 1741 m/z does not correspond to the mono-fullerene substituted PEG~21(OH)3 
but the result of fragmentation of higher substituted products within the MALDI. 
 
Figure 5.15 – Comparison of the observed (top) monoisotopic pattern 1740 m/z signal in PEG~21(OPCB)3 
MALDI to the calculated (bottom) monoisotopic pattern of PEG17(OPCB)(OH)2. 
 
The MALDI spectrum of tris-fullerene polymer suggests it is a mixture of both bis- and tris-fullerene end-
capped three arms PEG (the mono-fullerene distribution is the result of fragmentation).  The signal 
intensity between the two distributions indicated there is a 86 : 14 ratio between PEG~21(OPCB)2(OH) 
and PEG~21(OPCB)3. As the MALDI signal intensity may not always reflect molecular abundance, the ratio 
was also determined from the integration of the signals in the 1H NMR spectrum. 
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In the 1H NMR spectrum of PEG~21(OCOCF3)3 (Figure 5.5), the ratio of chain terminal to backbone signals 
was 6 : 84 (confirming 21 ethylene oxide units per dendrimer molecule). For the fullerene end-capped 
3-arm PEG 1H NMR spectrum (Figure 5.16), the butyryl peaks of the PCB moiety and the 
acyloxymethylene of the chain termini are also well resolved from the polymeric PEG peak, and the 
corresponding ratio of chain terminal to backbone signals was 4.4 : 84.6. The MALDI suggests that the 
product is a mixture of only PEG~21(OPCB)2(OH) and PEG~21(OPCB)3; based on this assumption, the best 
fit for the α-proton integration indicates a 90 : 10 ratio of to PEG~21(OPCB)2(OH) to PEG~21(OPCB)3 (bis-
fullerene product contains 4 α-protons and tris-fullerene product contains 6 α-protons), a value 
comparable to the ratio derived from the MALDI peak intensities (84 : 16). 
 
Figure 5.16 – 1H NMR spectrum of PEG~21(OPCB)3 (n1 + n2 + n3 ~20). 
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respectively (Figure 5.17). An additional mass distribution corresponding to bis-fullerene substituted 
adduct was also observed at around 2240 m/z. However, comparison of the distributions (Figure 5.18) 
indicates that only the tris- and tetrakis-fullerene derivatives were primary signals. The tris- and tetrakis-
fullerene distribution both have an average of 15 repeating units, whereas the bis-fullerene distribution 
was found to have an average of 6 repeating units. A true bis-substituted fullerene derivative would 
show a mean peak distribution centred at 2630 m/z for average 15 repeating units. The difference 
between the observed and ideal peak distribution suggests fragmentation of the higher substituted 
species within the spectrometer (similar to the previous PEG~21(OPCB)3 case).  
 
Figure 5.17 – MALDI-TOF spectrum of PEG~15(OPCB)4 and PEG~15(OPCB)3(OH) mixture. 
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Figure 5.18 – Comparison of the observed mass distributions in PEG~15(OPCB)4 MALDI. 
 
Figure 5.19 – 1H NMR spectrum of PEG~15(OPCB)4 
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Whilst the MALDI-TOF indicated a 50 : 50 ratio between the tris- and tetrakis-fullerene signal intensities, 
the 1H NMR spectrum integral ratios provide a more reliable measure. The integral ratio of α-protons 
versus the main PEG backbone protons in PEG~15(OCOCF3)4 was 8 : 60 for the fully substituted product 
(Figure 5.6). The observed ratio in the 1H NMR spectrum of mixture of PEG~15(OPCB)4 and 
PEG~15(OPCB)3(OH) was 7.5 : 61.2 (Figure 5.19). Therefore, based on this assumption, the best fit for the 
α-proton integration indicates a 50 : 50 ratio of PEG~15(OPCB)4 and PEG~15(OPCB)3(OH) (tetrakis-fullerene 
product contains 8 α-protons and tris-fullerene product contains 6 α-protons), a value comparable to 
the ratio derived from the MALDI peak intensities (50 : 50). 
Higher molecular mass species tend to be harder to ionise in MS and therefore peak intensity is not 
generally used in determination of natural abundance146. However, in the current case, the values 
derived from both MALDI and NMR seems comparable. Although NMR integration is more reliable in 
determination of actual abundance, it seems that MALDI peak intensity may also be used as a quick 
reference in the current system 
 
Figure 5.20 - Photospectrometric data for fullerenes end-capped PEG dendrimers: (Left) UV-vis spectra 
of PCBM, PEG~4(OPCB)2, PEG~21(OPCB)3 & PEG~21(OPCB)2(OH), and PEG~15(OPCB)4 & PEG~15(OPCB)3(OH) 
recorded in toluene, each concentration was adjusted to similar value (absorbance around 0.6) for ease 
of comparison; (Right) FTIR spectra of PCBM, PEG~15(OH)4, PEG~4(OPCB)2, PEG~21(OPCB)3 & 
PEG~21(OPCB)2(OH), and PEG~15(OPCB)4 & PEG~15(OPCB)3(OH). 
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The UV-vis spectra of PEG~4(OPCB)2, PEG~21(OPCB)3 and PEG~15(OPCB)4 products in toluene illustrated 
three electronic absorption bands at 330, 433 and 510 nm (Figure 5.20, Left), similar to PCBM, as 
expected80. The retention of the optoelectronic properties suggests the fullerene surface remains intact 
during the reaction. However, in FTIR (Figure 5.20, Right), the intensity of the –OH stretching bands at 
around 3400 cm-1 were significantly reduced in all products indicating successful transesterification. The 
stretching did not disappear completely as the non-fully substituted PEG still contains free terminal 
hydroxyl groups182. As in previous reports182,183, no spectral change was observed for the bands at 
1732 cm-1 (carbonyl stretching of PCB-PEG ester), 1180 cm-1 and 1430 cm-1 (C-C & C=C stretching in 
fullerene) and 1095 cm-1 (C-O symmetric stretching of PEG) compared to the spectra of pure PCBM and 
PEG~15(OH)4. 
The MALDI-TOF results together with NMR, FTIR and UV-vis spectroscopic data confirmed the synthesis 
of multi-fullerene end-capped PEG dumbbells PEG~4(OPCB)2 and stars (PEG~21(OPCB)3 and 
PEG~15(OPCB)4) through the transesterification of PCBM using polydisperse PEGs starting materials. 
However, the polydispersity, particularly of the tris and tetrakis products remained problematic. 
Fullerene end-capped PEG core with various arms length results in mixture of polarity which could not 
be resolved by repetitive column chromatography. As a result, both tris- and tetrakis-fullerene end-
capped PEG linkers were collected as a mixture with the associated bis- and tris-fullerene end-capped 
counterparts. It is still possible to perform SWNTs self-assembly with these fullerene linker mixtures as a 
fraction of them contain the desired three-fold and four-fold fullerene linkers. However, for the ease of 
characterisation in SWNTs self-assembled structure, a pure multiple fullerene end-capped linker is 
preferred. 
5.3.4 Monodisperse Multi-Ethylene Glycol Linkers 
The polydispersity issue could be simply resolved by using a well-defined monodisperse PEG analogue. 
However, there is currently no multi-arms PEG with well-defined arm length available commercially. 
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Thankfully, a monodisperse branched PEG, [1,3,5-(25-hydroxy-2,5,8,11,14,17,20,23-octaoxapentacosan-
1-yl) benzene, PEG24(OH)3] have been successfully produced by Dr. Piers Gaffney, Imperial College 
London and has kindly offered the material for this study184.  
 
Figure 5.21 – 1H NMR spectrum of PEG24(OH)3. 
 
Figure 5.22 – 13C NMR spectrum of PEG24(OH)3. 
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Figure 5.23 – MALDI-TOF spectrum of PEG24(OH)3. 
A detailed characterisation of the PEG24(OH)3 has been carried out using 
1H & 13C NMR spectroscopy and 
MALDI-TOF mass spectrometry (Figure 5.21 – 5.23) to confirm the actual structure of this monodisperse 
PEG. After the initial characterisation, this three arms star-shaped PEG, PEG24(OH)3 was then 
transesterified with PCBM using the same procedure for the polydisperse PEGx(OH)n. Due to the 
monodisperse character of PEG24(OH)3, it was possible to separate the resulting monodisperse tris-
fullerene end-capped PEG, PEG24(OPCB)3 from the mixture of mono-, bis- and tris-fullerene end-capped 
PEG24(OPCB)x(OH)y employing column chromatography (2 ×) followed by preparative thin layer 
chromatography (3 ×). Since this same purification protocol had failed to isolate the pure products from 
the earlier polydisperse products, it is clear that the monodispersity of the PEG star is helpful in 
distinguishing the products, although the separation is still lengthy. 
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Figure 5.24 – MALDI-TOF spectrum of PEG24(OPCB)3. Expanded region (represented by rectangle) shows 
the monoisotopic peak pattern of PEG24(OPCB)3 (Bottom) and theoretically simulated monoisotopic 
pattern (Top). 
 
The MALDI-TOF spectrum of isolated PEG24(OPCB)3 (Figure 5.24) showed the expected monoisotopic 
mass at 3881.82 m/z, close to the calculated value of 3881.91 m/z, confirming the successful synthesis 
and isolation of individual monodisperse PEG24(OH)3. Furthermore, the simulated monoisotopic peak 
pattern of PEG24(OPCB)3 supported the pure product formation and was in excellent agreement with the 
experimentally obtained isotopic peak pattern which displayed the expected nominal mass 
[M+Na]+ = 3881.82. Mass spectrometry results were further supported by the 1H NMR spectrum which 
showed a shift of the -CH2OH signal from ~3.6 ppm in the starting PEG to 4.25 ppm which corresponded 
to methylene protons (-CH2-O-C=O) adjacent to the newly formed ester carbonyl (Figure 5.25). It was 
also noticed that hydroxyl protons of PEG24(OH)3 at 3.15 ppm (Figure 5.21) disappeared after 
transesterification. The integrals of the methylene (labelled as d in Figure 5.25) and the PEG backbone 
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(labelled as CH2CH2O in Figure 5.25) protons indicated a consistent ratio of 6.0 : 90.4, (Expected ratio 
6 : 90). 
 
Figure 5.25 – 1H NMR spectrum of PEG24(OPCB)3. 
 
5.3.5 Difficulty in the DBTO Catalysed Transesterification 
The yields of isolated PEG24(OPCB)3 and all other adducts were low although the reaction medium was 
saturated with PCBM185. In all cases, overall yields of the final fully substituted products were low, 4 % 
for PEG~21(OPCB)3, 8 % for PEG~15(OPCB)4 and 5 % for PEG24(OPCB)3). Due to the small yields, EA 
(elemental analysis) was not performed. An initial NMR integration study (Figure 5.25) of the α-protons 
(adjacent to newly formed ester) revealed the reaction took a significant amount of time to initiate 
(about 3 days). 
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Figure 5.26 – Transesterification reaction of PEG~15(OH)4 and PCBM monitored by 
1H NMR spectroscopy : 
Integration of methylenic ester protons (normalized to main PEG backbone at 3.66 ppm) versus time 
(2h, 24 h, 48, 72 h, 96 h and 120 h). 
 
Most likely, the reaction is limited by steric effects, related to polymer arm conformation or the 
geometries of the incoming PCBM molecules. Once one PCBM is attached, the second incoming PCBM 
molecule may be comparatively difficult to graft. Some combinations of PEG arm lengths may be 
impossible to fully graft for steric reasons. In addition, during this slow reaction, the catalyst may 
become deactivated, limiting further grafting. Although the reaction was kept under nitrogen 
throughout since product may be lost to oxidation during work-up. Fullerene is likely to be oxidised and 
polymerised in the presence of oxygen186. It is well documented that fullerene is a good photo-sensitizer 
which could easily convert molecular oxygen into singlet oxygen which can induce fullerene 
polymerisation187. Since the column chromatography was carried out in air, there is a distinctive 
coloured layer that remains in the column which is most likely cross-linked fullerene derivatives trapped 
in the column.  
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Figure 5.27 – Catalytic cycle of DBTO catalysed transesterification of PCBM and PEGs188. 
Previously reported reactions of DBTO catalysed transesterifications have been carried out with small 
molecules. There is a possibility that this DBTO catalyst may not be an ideal catalyst for a 
macromolecule, PEG, which limited the yield of the reaction. This could be explained by the fact that 
mono-fullerene end-capped linker (produced from propoxyethanol) was synthesised with 45 % yield 
which is nearly 10 times higher than the macro fullerene linkers. Organotin catalyst was originally 
designed for small molecule transesterification189. In the case of PEG and PCBM transesterification, the 
fullerene on PCBM molecule is likely to collide with the adjacent substituent which may affect the 
formation of the reaction intermediate. Also, the incoming PEG molecule has to attack this overcrowded 
intermediate in order to form the new ester linkage and kick out the methanol. As more PCB unit is 
grafted onto the PEG, it became harder to approach the reaction intermediate which effectively reduce 
the yield of the fully substituted products. 
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5.4 Conclusion 
Multiply fullerene end-capped PEGs have been synthesized using single step transesterification of PCBM 
with PEGs. The monodisperse nature of PEG24(OH)3 allowed the isolation of pure monodisperse 
fullerene end-capped PEG stars PEG24(OPCB)3 from the crude reaction mixture. Despite the low yield of 
the synthesis, the produced materials are suitable for SWNTs self-assembly as only a small amount of 
linkers are needed in the experiments. This transesterification of polymer and PCBM to yield structural 
well-defined multi-fullerene adducts could also be employed in the study of PCBM based PV application 
as multi-fullerene adduct has become increasing popular within the field. 
5.5 Experimental 
Propoxyethanol, Poly(ethylene glycol) [PEG~5(OH)2, average molecular weight, Mn ~200], glycerol 
ethoxylate [PEG~21(OH)3, average Mn ~1000], pentaerithritol ethoxylate [PEG~15(OH)4 average Mn ~797] 
were bought from Sigma-Aldrich and azeotropically dried by evaporation from anhydrous acetonitrile 
prior to use. 1,3,5-(25-Hydroxy-2,5,8,11,14,17,20,23-octaoxapentacosan-1-yl) benzene [7, PEG24(OH)3] 
was provided by Dr. Piers Gaffney, Imperial College and similarly azeotropically dried184. Dibutyltinoxide 
(DBTO, Sigma-Aldrich) was dried at 200oC in vacuo prior to use. Phenyl-C61-butyric acid methyl ester 
(PCBM > 99.5 %, Solene BV) was vacuum dried at room temperature prior to use. Silica gel for column 
chromatography [Geduran® Si 60 (40-63µm), Merck] was neutralised using sodium bicarbonate (VWR). 
ortho-dichlorobenzene (o-DCB) (anhydrous, >99.8%, Sigma-Aldrich), thin layer chromatography plates 
(TLC Silica gel 60 F254, Merck), toluene and methanol (HPLC grade, VWR) were purchased and used as 
received.  
Synthesis of PrOEtOPCB  
PCBM (290 mg, 0.3 mmol, 1.1 eq) was dissolved in o-DCB (10 ml) under N2 at room temperature, and 
was added to propoxyethanol (30mg, 0.29 mmol, 1 eq) and DBTO (8 mg, 0.03 mmol, 0.11 eq) in a two-
necked round-bottomed flask. The solution was then heated at 140oC for 5 days under N2, after which 
110 
 
the solvent was evaporated under a stream of N2 at room temperature and further dried on rotary 
evaporator. The resulting dark brown residue fractionated by silica gel column chromatography. 
Unreacted PCBM eluted with toluene, after which fractions were collected eluting with toluene-
methanol (9:1 v/v) to give PrOEtOPCB  (127 mg, 45 %) as a brown solid. Rf toluene-methanol (9:1 v/v) 
0.68; δH (400 MHz, CDCl3) 2.21 (quin, J = 7.6 Hz, 2H), 2.58 (t, J = 7.3 Hz, 2H), 2.94 (t, J = 8.1 Hz, 2 H), 3.44 
(t, J = 6.0 Hz, 2 H), 3.64 (t, J = 4.0 Hz, 2 H), 4.26 (t, J = 6.0 Hz, 2 H) 7.49 (t, J = 7.5 Hz, 2 H), 7.57 (t, J = 7.6 
Hz, 4 H), 7.94 (d, J = 7.9 Hz, 4 H) 
Synthesis of PEG~4(OPCB)2 
PEG~4(OH)2 (30 mg, 0.14 mmol), PCBM (280 mg, 0.31 mmol) and DBTO (8 mg, 0.03 mmol) using the same 
method described above, and purified by a single silica gel column chromatography step, eluting with 
toluene-methanol (9/1 v/v), to give PEG~4(OPCB)2 (25 mg, 9 %) as a brown solid. Rf toluene-methanol 
(9:1 v/v) 0.43; δH (400 MHz, CDCl3) 2.20 (quin, J = 7.6 Hz, 4H), 2.57 (t, J = 7.3 Hz, 4H), 2.93 (t, J = 8.1 Hz, 4 
H), 3.60-3.77 (m, 17 H), 4.25 (t, J = 4.3 Hz, 4 H), 7.49 (t, J = 7.5 Hz, 2 H), 7.56 (t, J = 7.6 Hz, 4 H), 7.93 (d, J 
= 7.9 Hz, 4 H) ppm; ν (FT-IR; ATR) 2917 (aliphatic C-H stretching), 2855 (aliphatic C-H stretching), 1732 
(carbonyl stretching of PCBM ester), 1599, 1562, 1493, 1374, 1021 (C-O symmetric stretching of PEG), 
797, 755, 695 cm−1; λ (UV-vis; toluene) 330, 433, 510 nm; m/z (MALDI-TOF) Calcd. for [C152H42O8Na]
+ 
2017.23 m/z, found [M+Na]+ 2017.21 m/z. 
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Synthesis of mixture of PEG~21(OPCB)3 and PEG~21(OPCB)2(OH) 
PEG~21(OH)3 (50 mg, 0.05 mmol), PCBM (150 mg, 0.16 mmol) and DBTO (4 mg, 0.01 mmol) using the 
general method described above, and purified by silica gel column chromatography (2 ×), followed by 
preparative TLC (3 ×), eluting with toluene-methanol (9:1 v/v), to give a mixture of PEG~21(OPCB)3 and 
PEG~21(OPCB)2(OH) (40 mg, 22 %, ca. 1:9 by 
1H NMR integration) as a brown solid. Rf toluene-methanol 
(9:1 v/v) 0.30; δH (400 MHz, CDCl3) 2.08 (s, 5 H), 2.20 (quin, J = 7.8 Hz, 4.4H), 2.57 (t, J = 7.5 Hz, 4.4H), 
2.91 (t, J = 8.1 Hz, 4.4H), 3.47-3.85 (m, 84.6H), 4.25 (t, J = 4.3 Hz, 4.4H), 7.49 (t, J = 7.5 Hz, 2.2H), 7.57 (t, J 
= 7.6 Hz, 4.4H), 7.94 (d, J = 7.9 Hz, 4.4H) ppm; ν ( FT-IR; ATR) 2912 (aliphatic C-H stretching), 2862 
(aliphatic C-H stretching), 1731 (carbonyl stretching of PCBM ester), 1600, 1446, 1428 (C=C stretching in 
fullerene), 1348, 1294, 1247, 1095 (C-O symmetric stretching of PEG), 944, 848, 755, 699 cm−1; λ (UV-vis; 
toluene) 330, 433, 510 nm; m/z (MALDI-TOF) Calcd. for [C256H118O26Na]
+ 3629.78 m/z, found [M+Na]+ 
3627.87 m/z.  
Synthesis of mixture of PEG~15(OPCB)4 and PEG~15(OPCB)3(OH) 
EG~15(OPCB)4 (40 mg, 0.05 mmol), PCBM (200 mg, 0.22 mmol) and DBTO (5 mg, 0.02 mmol) using the 
same method described above, and purified by silica gel column chromatography (2 ×), followed by 
preparative TLC (3 ×), eluting with toluene-methanol (9:1 v/v), to give a mixture of PEG~15(OPCB)4 and 
PEG~15(OPCB)3(OH) (35 mg, 16 %, ca. 1:1 by 
1H NMR integration) as a brown solid. Rf  toluene-methanol 
(9/1 v/v) 0.32; δH
 (400 MHz, CDCl3) 2.21 (quin, J = 7.7 Hz, 8.1H), 2.58 (t, J = 7.5 Hz, 8.1H), 2.94 (t, J = 8.1 
Hz, 8.1H), 3.45 (s, 5.4H), 3.53-3.67 (m, 61.2H), 4.26 (t, J = 4.3 Hz, 7.5H), 7.50 (t, J = 7.5 Hz, 4.1H), 7.58 (t, J 
= 7.6 Hz, 8.1H), 7.95 (d, J = 7.9 Hz, 8.1H); ν ( FT-IR; ATR) 2924 (aliphatic C-H stretching), 2862 (aliphatic C-
H stretching), 1731 (carbonyl stretching of PCBM ester), 1602, 1423 (C=C stretching in fullerene), 1242, 
1093 (C-O symmetric stretching of PEG), 952, 796, 755, 700 cm−1; λ (UV-vis; toluene) 330, 433, 510 nm; 
m/z (MALDI-TOF) Calcd. for [C319H112O23Na]
+ 4331.75 m/z, found [M+Na]+ 4332.85 m/z. 
  
112 
 
Synthesis of PEG24(OPCB)3 
Monodisperse tris-C60 3-arm branched PEG linker was synthesized from PEG24(OH)3 (25 mg, 0.02 mmol), 
PCBM (60 mg, 0.06 mmol) and DBTO (1.6 mg, 0.007 mmol) using the same method described above, 
and purified by silica gel column chromatography (2 ×), followed by preparative TLC (3 ×), eluting with 
toluene-methanol (9:1 v/v), to give PEG24(OPCB)3 (4 mg, 5 %) as a brown solid. Rf toluene-methanol (9:1 
v/v) 0.35; δH
 (400 MHz, CDCl3) 2.21 (quin, J = 8.1 Hz, 6H), 2.57 (t, J = 7.5 Hz, 6H), 2.93 (t, J = 8.1 Hz, 6H), 
3.61-3.76 (m, 96H), 4.25 (t, J = 4.3 Hz, 6H), 4.56 (s, 6H), 7.25 (s, 3H), 7.51 (t, J = 7.5 Hz, 3H), 7.57 (t, J = 7.6 
Hz, 6H), 7.94 (d, J = 7.9 Hz, 6H); ν (FT-IR; ATR) 2922 (aliphatic C-H stretching), 2852 (aliphatic C-H 
stretching), 1728 (carbonyl stretching of PCBM ester), 1462, 1378, 1265 (C-C stretching in fullerene), 
1079 (C-O symmetric stretching of PEG), 1045, 889, 722 cm−1; m/z (MALDI-TOF) Calcd. for 
[C270H138O30Na]
+ 3881.92 m/z, found [M+Na]+ 3881.83 m/z. 
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Chapter 6 – Preparation of SWNT 
Dispersions and Contamination Issues 
SWNT self-assembly is different from peapod formation where the filling process can be performed with 
SWNT bundles. Self-assembly of SWNTs requires highly individualized SWNTs to allow junctions 
formation between adjacent SWNTs. Therefore, neither gas phase nor solid phase fullerene filling 
methods are suitable in SWNTs junction formation. Fullerene linkers with PEG (or other polymeric) 
spacers decompose at elevated temperature which make high temperature gas phase filling impossible 
as the resulting fullerene caps would not be connected anymore. On the other hands, solid fullerene 
linkers do not have enough kinetic energy to adopt the right conformation for self-assembly which make 
solid phase filling also not suitable for this study. Only solution phase is suitable for the self-assembly. It 
has been shown that peapods can be prepared in ethanol (EtOH), toluene (Tol), carbon disulphide (CS2), 
hexane and also supercritical CO2 with opened SWNTs
108,109,190,191. However, these filling examples were 
all carried out with non-exfoliated SWNTs which are not suitable for self-assembly. Therefore, in order 
to perform SWNTs self-assembly in solution, a highly individualised SWNTs dispersion must be prepared. 
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6.1 Exfoliation Techniques 
 
Figure 6.1 – Common methods to exfoliate SWNTs.  
When choosing the method to produce highly individualised SWNTs, there are several factors that have 
to be considered. (i) The method applied should not introduce excessive defect sites onto the SWNT 
surfaces, therefore the method should not be too aggressive. (ii) The resultant SWNT dispersion should 
be stable in ambient conditions (in air) so the self-assembly can be carried out easily (unlike supercritical 
CO2 where a high pressure is needed). Figure 6.1 summarises the three most common methods for 
SWNTs exfoliation. Considering the two factors mentioned above, the most suitable method to prepare 
SWNT dispersions for self-assembly is by sonication and ultracentrifugation. Acid oxidised SWNTs are 
generally stable in aqueous solution due to the electron repulsion on the carboxylate groups and 
interaction with water molecules. However, prolonged treatment often degrades SWNT structure and a 
significant amount of defects are always introduced to SWNT surfaces. Multiple holes in SWNT might 
result in uncontrollable fullerene encapsulation which is undesired for selective junction formation. In 
addition, fullerene linkers are unlikely to be soluble in water due to the presence of non-polar fullerene 
end caps despite the present of PEG in the linker molecules. For all these reasons, acid treatment of 
SWNTs was not chosen for SWNTs exfoliation in this study. Highly exfoliated SWNT dispersion can be 
obtained by (electro)chemical charging84. However, the charging process has to be carried out in inert 
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atmosphere (glove box, under N2 or Ar) and the resultant dispersion also needs to be kept away from 
moisture to avoid quenching of the SWNT charge. Once the charge is quenched, the SWNTs are no 
longer stable in the solution due to the loss of electrostatic repulsion. Although the self-assembly could 
be performed in inert environment where the SWNTs dispersion remains stable, the charge repulsion 
may prevent adjacent SWNT coupling. Thus, sonication is the preferred exfoliation technique for self-
assembly. 
 
Figure 6.2 – Typical SWNT dispersion media, aqueous and organic solvents. 
 
SWNT dispersions prepared by sonication have been studied extensively. It has been shown that SWNTs 
can be dispersed in both water and organic solvents200. Since SWNT are hydrophobic, pristine SWNTs do 
not disperse in water (similar to simple oil droplet), unless small surfactants molecules or 
macromolecular wrapping agents (DNA, polymers) are introduced into the system to aid dissolution of 
SWNTs in water192 (see Chapter 1, dispersion section). Although this surfactant based SWNTs dispersion 
often gives a high degree of exfoliation, it is not a suitable dispersion medium for self-assembly for an 
SWNT Powder
Aqueous
Surfactant Macromolecules
Organic
Amide solvents
e.g. DMF, NMP
Other solvents 
e.g. o-DCB
116 
 
obvious reason. In order to disperse SWNTs into water, the SWNTs are required to have a high degree of 
surfactant coverage to give the desired stabilisation in water. Hence, the surfaces of SWNT are unlikely 
to be accessible to the incoming fullerene linkers and, therefore, no insertion might take place. Thus 
SWNT dispersions in water are not suitable for self-assembly process. This problem can be easily 
resolved by using organic solvent dispersion as no surfactant is generally required in organic SWNT 
dispersions. 
In general, good SWNT organic solvents can be classified as amide and chlorinated solvents. Among the 
amide solvents, dimethylformamide (DMF) and N-methyl pyrrolidone (NMP) are the two best solvents 
for SWNT dispersions12. However, not all amide solvents are suitable for SWNTs exfoliation. It has been 
argued that matching of the surface energy between the solvent and SWNTs is the key to SWNTs 
stabilisation in organic dispersions193. Haloaromatic solvents have also been investigated as SWNTs 
solvents. Ortho-dichlorobenzene (o-DCB) was found to be a good SWNTs solvent and give highly 
individualised SWNTs in good yield194,195. However, a further study has shown that the stabilisation of 
SWNTs in o-DCB resulted from in situ polymer formation that wrapped around the SWNTs. o-DCB was 
found to decompose sonochemically to form polymeric species in the system196. Thus, SWNT dispersions 
in o-DCB are stabilised by a macromolecular wrapping agent and is not suitable for self-assembly 
(fullerene can not enter SWNTs). So DMF and NMP are the primary candidates for the preparation of 
non-protected SWNT dispersions for self-assembly. However, previous reports suggested that NMP is a 
better SWNTs solvent as it gives a higher SWNTs concentration in a stable dispersion12,197. Therefore, 
NMP was chosen as the SWNTs dispersion medium in this study. 
6.2 NMP Dispersions 
With the dispersion medium chosen, the process details have to be considered. In a typical SWNTs 
sonication, both bath and tip sonicators have been shown to be effective in SWNTs exfoliation. As well 
as exfoliating SWNTs, prolonged sonication was found to shorten SWNTs198 and an extensive 
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investigation of sonication time and SWNTs length (in NMP) has been reported199. It has been shown 
that SWNTs are significantly shortened after 2 hours of sonication and the SWNTs structure are 
reasonably well preserved (confirmed by electrical conductivity). This finding is extremely important to 
the self-assembly study as cutting SWNTs effectively generates open ends in SWNTs which is crucial for 
fullerene linker encapsulation. Preserved electrical conductivity after sonication suggests that the 
majority of the SWNTs structure is retained (significant damage to SWNTs structure would result in loss 
of continuous sp2 carbon framework which reduces the electron transport property of SWNTs). 
Structural quality is relevant to self-assembly as fullerene linkers might be trapped in the holes along the 
SWNTs surface. By limiting the number of defect sites on the surface, the self-assembly should be 
limited to the open ends. Longer sonication times (more than 3 hours of continuous sonication) or 
stronger sonication power were found to have a catastrophic effect in SWNTs structure as a large 
number of defect sites will be generated on the surface. 
Based on these findings, a dispersion of HiPco SWNTs in NMP was prepared with 2 hours sonication 
using a tip sonicator and studied under AFM. As expected, individualised SWNTs are observed in the 
AFM micrographs (Figure 6.3). However, there is a significant amount of small particles (size range from 
5 – 15 nm, indicated by red arrows) which were well-dispersed and could be easily found on Si wafer 
surface.  
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Figure 6.3 – AFM micrograph of HiPco SWNTs prepared by sonication in NMP for 2 hours. Red arrows 
show example of the unknown particles on the surface.  
 
In a typical SWNTs synthesis, the as-produced SWNTs normally contain amorphous carbon, graphitic 
particles and metal catalyst particles. Since the SWNTs dispersion has been centrifuged at 200,000 g 
using an ultracentrifuge, it is unlikely to have any graphitic particles and metal catalysts remains in the 
sample due to the huge difference in their density (metal catalysts are often trapped inside graphitic 
particles). The size of the particles observed in the AFM micrographs is relatively homogeneous, thus, it 
is unlikely to be amorphous carbon. Therefore, the particles observed in the AFM sample may hence 
come from the solvent – NMP. 
6.3 Identifying the Contamination 
In order to verify the hypothesis of NMP induced contamination, a set of experiments of sonicating pure 
NMP for different times was carried out in the absence of SWNTs (with identical sonication condition as 
dispersion preparation). Most SWNTs dispersions in literature12,146,200 are sonicated from 2 to 30 min and 
no particles formation or contamination issues are generally discussed. However, in order to ensure that 
the SWNTs are opened for junction formation, 2 hours sonication is preferred for short and opened 
1 µm
0 nm
7 nm
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SWNTs. In addition, it is also worth investigating the effect of general sonication conditions (2 – 30 min) 
in the resulting AFM samples quality, as it has not been discussed before. In order to identify the effect 
of sonication time in AFM sample quality, a constant power output of 150 W with a tip sonicator was 
applied throughout the experiment12.  
 
Figure 6.4 – Sonicated NMP with increasing sonication time from 0, 5, 30 and 120 min. NMP with 
120 min sonication shows a clear yellow colour. 
 
High purity NMP (HPLC grade, Sigma Aldrich) was sonicated for 0, 5, 30 and 120 min using constant 
sonication power (150 W with tip sonicator)12 with a 3 L ice bath as a heat sink. The non-sonicated NMP 
(0 min) was placed in the system for 2 hours in identical condition so any external contamination issue 
can be ruled out with this control experiment. As the sonication time increased, a yellow colour 
emerged in the solvent which was most intense in the 120 min sonicated NMP (Figure 6.4). The 30 min 
sonicated NMP only showed a very pale yellow colour. The control experiment (NMP without sonication 
/ 0 min) did not show any yellow colour after the experiment which suggests the yellow colour did not 
come from any external variable such as direct contact with glass vials and sonicator tip. Therefore, the 
yellow colour must result from a sonochemical process. 
Increase in yellow colour intensity
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AFM micrographs (Figure 6.5) of these as-sonicated NMPs strongly supported the hypothesis that the 
observed particles were originated from NMP rather than SWNT contamination. The density of the 
particles observed in the AFM micrographs increases with increasing sonication time (Figure 6.5). In the 
case of 120 min sonicated NMP, the particles almost completely covered the whole Si surface. 
Considering the standard dispersion preparation procedure, centrifugation is widely used to remove 
large SWNTs bundles and metal catalysts. Therefore, these sonicated NMPs were centrifuged at 
200,000 g for 2 hours in order to remove the observed particles. AFM micrographs (Figure 6.5) of the 
centrifuged samples revealed the majority of the particles can be removed by high speed centrifugation 
but a small amount of particles still remained in the sample. Since centrifugation can not completely 
remove the newly formed particles, a detailed analysis of the sonicated NMP was carried out in order to 
identify the nature of the particles. Understanding the chemical structure of the particles may help 
establishing an effectively method to remove the particles from the system.  
  
121 
 
 
Figure 6.5 – AFM micrographs of sonicated NMP (0, 5, 30 and 120 min sonication time). (Top) : before 
centrifugation. The density of the particle increasing as the sonication time increase from 5 to 120 min. 
(Bottom) AFM micrographs after centrifugation at 200,000 g for 2 hours clearly showing reduced 
particle density in 5, 30 and 120 min samples. All images were taken from the centre of the Si wafer to 
minimise variation between samples (scale bar 1 µm). 
 
 
Figure 6.6 – UV-vis spectra of sonicated NMPs (0, 5, 30 and 120 min). (Left) before centrifugation. 
(Right) after centrifugation at 200,000g for 2 hours (top 50% of the supernatant collected). 
 
As shown in the UV-vis spectra of the sonicated NMP (Figure 6.6), the 5 min sonicated NMP resembles 
most of the non-sonicated (0 min) NMP feature. The absorbance at 360 nm in (0 min) NMP is gradually 
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obscured (with increasing sonication time) by the appearance of a scattering effect (due to the present 
of particles) between 300 - 450 nm. As discussed in Chapter 3 – UV-vis spectroscopy section, the 
observed scattering effect in the UV-vis spectra can be attributed to the present of small particles in the 
sample. However, AFM micrographs revealed significant amount of particles were removed after 
centrifugation which suggested that the change in UV-vis feature did not result from scattering. 
Therefore, the new UV-vis feature (300 – 450 nm) was a true electronic absorbance possibly due to a 
newly formed species by sonochemical degradation of NMP. The absorbance in UV-vis spectra does not 
provide any information regarding the chemical structure of the particles. In order to analyse the 
structure of the particles, a reasonable amount of the sample is needed. As shown in both AFM and UV-
vis spectra, 120 min sonicated NMP contains the largest quantity of the particles. Thus, the as-sonicated 
NMP (120 min) (10 ml) was dried under a stream of nitrogen at room temperature to evaporate the 
NMP solvent. Heating was avoided during the drying process to minimise any thermal degradation of 
the newly formed particles. A yellow oily residue (4 mg) was collected after two weeks of drying 
whereas drying same amount of non-sonicated NMP did not yield any oil/solid. 
 
Figure 6.7 – IR spectra of pure NMP and the yellow residue obtained from evaporation of sonicated 
NMP (120 min). (Right) expended carbonyl stretching at around 1650 – 1700 cm-1. 
The IR spectrum of this yellow oily residue showed clear signals for both OH and NH absorptions 
between 3000 and 3500 cm-1. In the case of pure NMP, there is only a small OH absorption at around 
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3500 cm-1 due to small amount of residual water present in the solvent. The carbonyl stretching of non-
sonicated NMP was shifted to lower wavenumber which suggested the carbonyl bond in the yellow 
residue is lower energy than pure NMP. Since the carbonyl in NMP is situated in a 5-memebred ring, the 
carbonyl stretching of NMP is therefore, slightly stressed compared to normal aliphatic carbonyl201. 
Since the system only contain pure NMP and no other chemicals were introduced into the system (non-
sonicated NMP did not yield any oil/solid), the yellow residue must result from NMP sonication. 
 
 
Figure 6.8 – Ring opening of NMP to give aliphatic carboxylic acid and a secondary amine. 
 
The only way to obtain a non-cyclic carbonyl stretching from NMP is via ring opening of NMP 5-
membered ring (Figure 6.8). This matches the observation in the IR spectrum where the new carbonyl 
stretch appeared at a lower wavenumber which suggest the carbonyl bond is no longer constrained by 
the cyclic 5-membered ring202 (Figure 6.7). One of the possible ring-opening mechanisms in NMP is 
hydrolysis of the amide bond by water. During the sonication, a large amount of energy was supplied to 
the sample. To avoid thermal energy accumulation in the system which may result in evaporation or 
thermal degradation of NMP, the solvent was cooled in an ice bath throughout the sonication. 
Therefore, the water vapour from the ice bath can easily condense into the NMP during sonication 
which may facilitate hydrolysis of the amide bond and result in NMP ring opening. In order to investigate 
the effect of water in NMP sonication, the sonication must be carried out in the absence of water. Apart 
from water vapour from ice bath, other possible water sources are moisture in air and residual water in 
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NMP solvent. All three water sources must be eliminated from the system in order to study the possible 
water hydrolysis of NMP. 
 
Figure 6.9 – Photograph of sonication of NMP carried out in a nitrogen bag (cooling in ice bath). 
 
Anhydrous NMP (Anhydrous grade, >99.5 %, Sigma Aldrich) was transferred into a glass vial inside a 
nitrogen bag. The vial was then attached to the sonicator probe inside the nitrogen bag (as shown in 
Figure 6.9). The cooling ice bath and the NMP vial were separated by a nitrogen bag. The nitrogen bag 
was connected to a nitrogen manifold with constant nitrogen purging to maintain a positive nitrogen 
pressure. By doing this, the nitrogen atmosphere was maintained throughout the experiment to prevent 
any atmospheric moisture getting into the system. After 2 hours sonication, the NMP turned yellow and 
the UV-vis of the sonicated NMP (N2) showed an electronic absorbance to the normal process (120 min, 
in air and ice bath) showing that the decomposition does not require water hydrolysis (Figure 6.10). 
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Figure 6.10 – UV-vis spectra of sonicated NMP for 120 min under nitrogen and air. 
 
Figure 6.11 – Temperature profile of NMP sonication (0 – 120 min) and HiPco SWNTs NMP dispersion 
for the same duration. Data points recorded every 5 min. 
 
During the sonication, a 3 L ice bath was used as a heat sink to avoid continuous increase in temperature 
in the system. Figure 6.11 shows the temperature profile of both NMP sonication and HiPco/NMP 
dispersion sonication for 120 min. In the pure NMP case, temperature increase rapidly in the first 15 min 
of sonication but stabilised at around 28 °C until the end of the sonication. This experiment confirmed 
that a 3 L ice bath can maintain a constant temperature of a sonicating sample for 2 hours efficiently. 
Since the temperature is maintained at low temperature (28 oC), it is unlikely that any thermal 
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degradation of the NMP occurs. The temperature profile of HiPco/NMP dispersion was similar to the 
pure NMP case, although reached a slight higher temperature 30–35 °C.  
More literature research was carried out in order to identify other possible NMP degradation pathways. 
NMP was found to decompose in the presence of titania203,204 via a radical initiated amide bond cleavage 
(ring opening) pathway. Once the NMP cyclic ring is opened, further complex radical reaction may 
initiate polymerisation of the newly formed species. Unfortunately, all commercial available sonicator 
tips are made of titanium alloy (Ti-6Al-4V) which is likely to have a small layer of titania built up over 
extensive usage. This titania may catalyse the degradation of NMP during the sonication process. Since 
sonication has to be applied in order to exfoliate the SWNTs, the particle formation is difficult to be 
completely avoided. 
6.4 Polymeric Amide Species 
It seems unlikely that the formation of the particles can be avoided in SWNT dispersions. As shown in 
AFM and UV-vis data (Figure 6.5 – 6.6), reducing sonication time can control the amount of particles 
being formed in the samples. IR data revealed that the particle’s formation was most likely originated 
from amide bond cleavage of NMP molecules. From the particle size in AFM micrographs, the degraded 
(opened) NMP molecules were believed to polymerise into polyamide. Luckily, centrifugation was found 
to be effective in removing majority of the polyamide particles. However, it should be noted that NMP 
SWNT dispersion prepared by sonication can be contaminated by polyamide which may be relevant to 
SWNT device fabrication. 
The original NMP SWNTs dispersion theory stated that matching of surface energy between SWNTs and 
NMP is the key to stabilisation of individual SWNTs. However, there are other non-amide solvents which 
have similar surface energy to NMP but they do not give stable SWNTs dispersion193. A study published 
by Ferrari et al. showing addition of polyvinylpyrrolidone (PVP) can increase the stability of NMP 
dispersions205. PVP was found to wrap around SWNTs as a protective layer. Since PVP contains 
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pyrrolidone side chains, it can be easily solvated by NMP which effectively increase the solubility of the 
protected SWNTs. Therefore, the polyamide formed in situ during NMP sonication may have a similar 
effect as PVP which wrap around SWNTs to increase the stabilisation in NMP dispersions. This 
hypothesis would suggest that the purely physical thermodynamic model in the literature is not the 
complete picture for why some amides are apparently good for SWNTs. Polymerisation of solvent and 
possibly functionalisation of SWNT surface may play an important role in SWNTs stability. 
6.5 High Temperature Annealing 
Since centrifugation can not completely remove the polyamide from the dispersion, an alternative 
method is needed to improve the quality of AFM images. Since SWNTs are heat resistant compared 
other common organic molecule, high temperature annealing in inert atmosphere was employed to 
selectively decompose the non-SWNTs materials. Annealing the SWNTs sample in vacuo at 900 °C for 
30 min was found to be effective in removing most of the non-SWNTs materials. See Chapter 7, section 
7.7 for more details. 
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6.6 Conclusion 
Experimental data suggest that NMP degrades and polymerises during sonication, contaminating SWNT 
dispersions. Although centrifugation was generally applied in NMP SWNT dispersions preparation, it can 
not completely remove the polyamide particles. Various degradation pathways of NMP are known but 
the polyamide species most likely originated from titania catalysed ring-opening of NMP during 
sonication as water hydrolysis has been ruled out by control experiment. In addition to the surface 
energy theory197, the chemical nature of the solvents was also found to be crucial in stabilising SWNTs in 
dispersion. Amide solvents were among the best solvents for SWNTs possibly due to their ability to 
polymerise into polyamide and interact with SWNTs. However, further study is required to identify the 
actual structure of the polyamides and its contribution to the SWNT dispersion stability. Experimental 
data suggested that SWNTs may be wrapped by polyamide in NMP dispersion. Identical experiments 
were carried out with DMF and similar result was obtained (DMF also turned yellow) which suggest 
using DMF in SWNTs solvent do not prevent the polyamide formation. 
6.7 Experimental 
Semi purified HiPco SWNTs was purchased from UnidymTM Carbon Nanotubes, CA90425, US (Lot no. 
P0261) and used as received. HPLC and anhydrous NMP were purchased from Sigma Aldrich. HPLC NMP 
was used as-received and anhydrous NMP was de-gasses by freeze-thaw in liquid nitrogen (x 5) before 
use. All sonication in this experiment was carried out with 20 ml of NMP in a 30 ml glass vial. The 
sonicator tip was placed into the NMP about 2 cm from the bottom of vial for each experiments in order 
minimise the variation of the power output. Sonication was carried out with 150 W power output (20% 
of the total output, GEX 750 ultrasonic processor with a 5 mm titanium alloy Ti-6Al-4V microtip, SONICS 
& MATERIALS INC, Newtown, US). A 3 L ice bath was used for each sonication. Centrifugation was 
performed with L-90k Optima ultracentrifuge, Beckman Coulter with a SW41 Ti rotor. Top 50 % of the 
supernatant collected for analysis. 
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HiPco SWNTs dispersion 
HiPco SWNT was mixed with 20 ml of NMP (0.1 mg / ml) in a glass vial. The vial was then attached to the 
tip sonicator, cooled with an ice bath and sonicated for 2 hours. The SWNTs/NMP mixture turned into 
black dispersion within 10 second of initial sonication. After that the dispersion was allowed to stand 
overnight and top fraction (ca. 12 ml) was transferred into a centrifuge tube for centrifugation. After 
centrifuging the dispersion at 41,000 rpm; 200,000 g for 2 hours, top 50 % of the supernatant was 
collected as HiPco dispersion. 
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Chapter 7 – Supramolecular Assembly of 
SWNTs 
From the initial synthesis and characterisation of the fullerene linkers to detailed investigation of SWNTs 
dispersion in N-methyl pyrrolidone (NMP), the initial preparations for the desired SWNTs self-assembly 
experiment seem to be ready. However, these linker molecules only make up to 50 % of the materials 
required. The most important starting material, the SWNTs, has yet to be chosen for the experiment. As 
discussed in chapter 1, there are various synthetic procedures for SWNTs and each technique produces 
different physical parameters such as length, diameter and chirality.  
7.1 Choice of SWNTs 
The primary factor is the diameter of SWNTs. As shown in previous literature, SWNTs diameter for 
fullerene encapsulation should be at least 1.3 nm. The optimum fullerene to SWNTs inner surface 
distance is 0.3 nm. At this distance, the fullerene and inner tube surface have the highest van der Waal’s 
interaction. Together with a 0.7 nm diameter of fullerene, the total diameter required for complete 
fullerene encapsulation is 1.3 nm.  
SWNTs length is also an issue in SWNTs self-assembly but less important than the diameter. Long SWNTs 
diffuse at a much slower rate than short SWNTs. Therefore, short SWNTs should be easier to assembly 
than long SWNTs. However, as shown in previous literature and also discussed in chapter 6, sonication 
can be applied to shorten the SWNTs. So length issue in as-received SWNTs should not be problematic in 
self-assembly. SWNTs with different chirality are often produced in SWNTs synthesis regardless of 
production method. In the long run, it will be important to selectively assemble SWNTs with certain 
chirality (m-SWNTs & sc-SWNTs) which could then be incorporated into SWNTs device fabrication. 
However, the primary goal of this project is to prove the concept of connecting SWNTs with fullerene 
end-capped linkers to give SWNTs junctions. Before establishing a standardised and effective self-
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assembly methodology, this technology can not be used in any device fabrications. Therefore, SWNT 
chirality purification / enrichment are not considered here. 
Thus, the main factor to be considered in choosing commercial SWNTs for self-assembly is SWNTs 
diameter distribution. Table 7.1 lists common commercially available SWNTs and their physical 
parameters. HiPco SWNTs are one of the most widely studied materials with a wide distribution of 
diameters ranging from 0.8 to 2 nm (mostly < 1 nm). Obviously, a fraction of the SWNTs with diameter 
less than 1.3 are not able to encapsulate any fullerene as the inner cavities do not have sufficient space. 
However, the rest of SWNTs which have diameter greater than 1.3 nm are possible candidates for 
encapsulation. Using the standard HiPco SWNTs to prove successful SWNTs junctions formation could 
be a good model. Since HiPco SWNTs has been studied extensively, any self-assembled SWNTs junction / 
network should be easily identified relative to the pristine HiPco SWNTs. However, HiPco SWNTs are 
synthesised with a chemical vapour deposition process (CVD) which generally produce less graphitic 
SWNTs. Thus, the self-assembly of HiPco SWNTs is expected to have some degree of deficiency as the 
SWNTs have significant defect contamination. 
Both SWNT-SO (Meijo Nano Carbon) and P2-SWNT (Carbon Solutions) have an average diameter of 1.4 
nm which are ideal for fullerene encapsulation. Both SWNTs are produced by arc-discharge method 
which suggests that these as-produced SWNTs are more graphitic than HiPco SWNTs. However, P2-
SWNT from Carbon Solution contains a significant amount of amorphous carbon and metal catalyst 
which significantly affect the dispersion quality. Thus, a series of purifications have to be applied before 
the SWNTs are suitable for self-assembly experiments. However, SWNT-SO from Meijo Nano contains 
mainly SWNTs (> 90%) with minimal amount of metal catalyst which can be easily separated by 
centrifugation. No other purifications are required when handling SWNT-SO since they are pre-purified. 
The only drawback of SWNT-SO is the wide distribution of SWNTs length. As mentioned before, short 
SWNTs are more efficient in self-assembly than long SWNTs. Having such a wide range in length 
distribution may limit the self-assembly process as the longer SWNTs fractions diffuse at a much lower 
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rate. However, the dispersions are prepared by sonication which the SWNTs will be shortened during 
the process. Therefore, the final SWNTs length distribution in the dispersion is expected to be shorter 
than the original SWNTs which should increase the overall diffusion rate. Hence, for the above reasons, 
both HiPco and SWNT-SO were chosen for self-assembly experiments. 
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7.2 HiPco SWNT Dispersions 
Opened HiPco SWNTs were prepared by sonicating SWNTs powder in NMP (0.1 mg / ml) for 2 hours as 
stated in previous chapter, section 6.7. The quality of the dispersion was characterised by AFM. 
Diameter and length distribution of the exfoliated HiPco SWNTs was measured from the micrographs.  
 
Figure 7.1 – AFM micrographs of HiPco SWNTs dispersion in NMP (prepared by 2 hours sonication and 2 
hours centrifugation at 41,000 rpm, top 50% supernatant collected). Micrograph on the left was taken 
from the centre of the Si wafer showing individual SWNTs. Image on the right was taken from the edge 
of the Si wafer surface showing SWNT networks that resulted from drying process. The small particles 
observed in the image are the polyamide generated in situ during NMP sonication. 
 
As shown in Figure 7.1, 2 hours sonication in NMP yielded highly exfoliated HiPco SWNTs. The individual 
SWNTs were mainly observed in the centre of the Si wafer whereas SWNTs networks were found near 
the edge on the wafer due to Maragoni flows at the meniscus ‘coffee ring effect’206. Since NMP has a 
high boiling point (202 °C), drying NMP at room temperature at atmospheric pressure take a 
significantly long time (3 µL NMP on Si wafer do not evaporate after one week of drying in air at room 
temperature). As shown in previous NMP evaporation experiment, it took two weeks of continuous 
nitrogen blowing to remove 10 ml of NMP. Hence, all SWNTs NMP dispersions have to be dried in vacuo 
at high temperature to ensure complete removal of NMP.  
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Figure 7.2 – Length (left) and diameter (right) distribution of HiPco SWNTs dispersion prepared by 2 
hours sonication in NMP. Average length distribution is 370 ± 170 nm (N = 72) whereas average 
diameter distribution is 1.56 ± 0.78 nm (N = 50). 
 
The average length distribution of the HiPco dispersion was found to be around 370 nm. Some small 
SWNT bundles were also observed in the AFM which effectively shifted the diameter distribution to 
slightly higher value (average 1.56 nm). Despite having a wide diameter distribution and few SWNTs 
bundles in the dispersion, a fraction of SWNTs have diameter larger than 1.3 nm which are suitable for 
fullerene encapsulation. Thus the self-assembly of HiPco SWNTs was expected to have some degree of 
deficiency as only a fraction of the SWNTs would be able to join together to yield SWNTs junctions.  
7.3 Supramolecular Self-assembly of HiPco SWNTs 
In order to fill the SWNTs cavity with the covalently attached fullerenes, a few factors have to be 
considered. (i) Insertion method. Since both gaseous and solid state filling have already ruled out from 
the system, solution state insertion is the only option. However, there is no example of fullerene 
encapsulation in SWNTs dispersion containing highly individualised SWNTs. As discussed before, all 
previous peapod samples were prepared from non-exfoliated SWNTs. The reason for having highly 
individualised SWNTs in self-assembly is due to diffusion of SWNTs in solution. Individualised SWNTs in 
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solution provide the required freedom for the SWNTs to diffuse and rotate into the right conformation 
for the self-assembly process. Therefore a NMP dispersion of highly individualised SWNTs was prepared 
instead of SWNTs bundles in solution. (ii) Solubility of fullerene. The solubility of fullerene in solution 
was found to be vital in the overall yield of encapsulation207. It is important to use a solvent with poor 
fullerene solubility. Due to the strong hydrophobic interaction, fullerene is known to form clusters in a 
poor fullerene solvent. It has been shown that fullerene clusters give higher yield of encapsulated 
fullerene than individualised fullerene108. However, the fullerene linkers are insoluble in NMP which is 
significantly different from sparingly soluble. Insoluble fullerene linkers will remain as a big cluster and 
may not be exfoliated into solution which may be not suitable for insertion. However, the solvents 
choice is limited as SWNTs can not be exfoliated in other solvents (non-amide) without addition of 
surfactants or other wrapping agents. Therefore the solvent system has to be modified in order to give 
the fullerene linker some solubility in the SWNTs dispersions. 
7.3.1 Binary Solvent, NMP and Tol 
Since NMP can not be replaced, the only way to provide solubility to fullerene linkers is addition of 
fullerene solubilising solvents into the dispersion. Considering the solubility requirement, the fullerene 
linkers should not be completely solubilised for high yield insertion. Therefore, good fullerene solvents 
such as ortho-dichlorobenzene (o-DCB) and chlorobenzene may not be suitable as they have the highest 
fullerene solubility (See Table 2.1 for fullerene solubility). In addition, solvents with low fullerene 
solubility are also not suitable. Since the additional solvents have to be mixed with NMP to give a binary 
solvent system, this effectively reduced the fullerene solubility in the original solvents. The main options 
were therefore mainly toluene and benzene. Toluene (Tol) was chosen as the fullerene linker solvent as 
it has a higher boiling point, it does not evaporated easily during the self-assembly process and 
maintains the concentration of solubilised fullerene linkers. 
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Adding a non-SWNTs solvent (Tol) into a NMP SWNT dispersion can easily disrupt the interaction 
between the NMP and SWNTs and result in destabilisation. In order to prevent SWNTs crashing out from 
the solvent system, but at the same time, providing some solubility for the fullerene linkers, an optimal 
volume ratio has to be established. Toluene was added to NMP dispersions with different volume ratios. 
Once the toluene was added to the dispersions, the mixtures were mixed thoroughly with a glass 
pipette and allowed to stand overnight at room temperature in a closed glass vial to avoid evaporation 
of toluene (NMP is difficult to evaporate at room temperature). 
 
Figure 7.3 – Photographs of mixtures of NMP HiPco dispersions with various volume ratios of toluene. 
(Far left) Pure NMP as a control. (A) 100% HiPco SWNTs dispersion in NMP. (B) 90 : 10 v/v of HiPco 
dispersion and Tol. (C) 80 : 20 v/v. (D) 70 : 30 v/v. (E) 60 : 40 v/v. (F) 50 : 50 v/v. (G) 100 % Tol as a 
control. Image (Top) were taken just after the addition of toluene and (Bottom) 24 hours after mixing. 
Close inspection of C – F (labelled with ‘X’) revealed black precipitate after 24 hours which indicated 
SWNTs crashed out from the solvent mixtures. 
 
Various HiPco dispersion (NMP) and toluene mixtures were prepared in different volume ratio 
(Figure 7.3). After 24 hours of mixing, only 90 : 10 v/v of dispersion and toluene mixture remain stable. 
X X X X
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All other mixtures with higher toluene volume fractions were found to have black solid precipitated out 
after 24 hours. This result suggested high toluene ratio destabilise the NMP-SWNTs interaction which 
can not be used in self-assembly. Therefore, the 90 : 10 v/v ratio was chosen for the self-assembly 
experiment.  
7.3.2 Time Required for Self-assembly 
After establishing the solvent system, another important issue would be the time for the self-assembly 
process. A gas phase fullerene insertion can happen instantaneously at high temperature (at around 
650 °C) whereas in a solution phase insertion, it can take several hours112,208. However, once fullerene 
enters the SWNTs, it requires relatively large amount of energy to remove it from the cavity (3 eV per 
C60)
209. Therefore, the filling process should in theory be relatively irreversible and the encapsulated 
fullerene should remain once formed. However, little is known about the minimum time required for 
the initiation of fullerene insertion. Obviously, both gas and solution phase have very different filling 
mechanisms which suggest the kinetics are different as well. In solution phase insertion in different 
solvents, the kinetics must vary between solvents due to the differences in fullerene solubility, surface 
tension and viscosity.   
In order to study the minimum time required for the insertion process using the binary solvent system 
(NMP/Tol), UV-vis spectroscopy was employed to monitor the insertion progress. Encapsulated 
fullerene should not show the corresponding π – π* absorption at 336 nm compared to free fullerene. 
Thus, the intensity of the 336 nm absorption could be used as an indication for the insertion / self-
assembly. 
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Figure 7.4 – (Top) UV-vis spectra of HiPco SWNTs dispersion with bis-fullerene end-capped PEG linkers 
(NMP : Tol, 9 : 1 v/v). (Bottom) Enlarged region of the original spectra showing the π – π* absorption at 
336 nm (with SWNTs scattering background subtracted). The intensity of the 336 nm absorption 
decreased as the self-assembly proceeded and disappeared after 6 hours as the majority of the fullerene 
entered the SWNTs and the remaining fullerene concentration is too low to detect. 
 
The UV-vis spectra of the HiPco SWNTs self-assembly (Figure 7.4), it clearly showed the fullerene π – π* 
absorption at 336 nm clearly disappeared after 6 hours which indicates that most of the fullerene was 
inserted into SWNTs. Therefore, the self-assembly experiment should be allowed to stand for at least 6 
hours before any aliquots are taken for characterisation. 
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7.3.3 Self-assembly of HiPco SWNTs and bis-fullerene End-capped PEG Linker (Dumbbell) 
Since there is no previous literature to follow, the optimal amount of SWNTs and linkers required for the 
self-assembly was not known. Therefore, a bis-fullerene end-capped PEG linker PEG~4(OPCB)2, dumbbell 
solution in toluene (0.1 mg/ml) and a HiPco SWNTs dispersion in NMP (0.1mg/ml, see section 6.7) were 
prepared. Then 0.1 ml of the dumbbell toluene solution was added to 0.9 ml of the SWNTs dispersion in 
a glass vial (to keep the 9:1 v/v NMP/Tol ratio). The two solvents were mixed by a glass pipette to aid 
complete dissolution. 3 µL of the mixture was then taken for AFM analysis on the next day. 
 
Figure 7.5 – AFM micrograph of SWNTs self-assembly of HiPco SWNTs with dumbbell PEG~4(OPCB)2. 
Image was taken from the centre of the Si wafer. 
 
From the diameter analysis of the HiPco SWNTs dispersion, only a fraction of the SWNTs are big enough 
to encapsulate fullerene. As expected, the AFM micrograph revealed that the self-assembled SWNTs 
mixture contained both individual and assembled SWNTs (Figure 7.5). The original SWNTs dispersion in 
NMP, mainly individual SWNTs were observed in the 10 x 10 µm AFM micrographs. Therefore, the 
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present of the newly formed ‘V’ shape SWNTs are a good indication of the self-assembly between 
SWNTs and dumbbell linkers. However, due to the flexible nature of the PEG linker, the observed inter-
SWNT angles (the angle between the assembled SWNTs) were not uniform.  
 
Figure 7.6 – Second AFM micrograph of SWNTs self-assembly of HiPco SWNTs with dumbbell 
PEG~4(OPCB)2. Image was taken from the centre of the Si wafer, about 20 µm away from the previous 
image. Blue inset indicate a perfect SWNTs junction with ‘head-to-head’ assembly whereas the red inset 
showed SWNTs junctions with ‘head-to-body’ assembly. 
 
A self-assembled SWNTs network was also found in the AFM sample (Figure 7.6) and clearly showing the 
SWNTs junctions within the nanotubes structure. The original hypothesis was that opened SWNTs would 
join together at the ends to give ‘V’ shapes SWNT junctions. This ideal assembly was observed in the 
sample (Figure 7.6, blue inset) where the two SWNTs were joined together via the open ends. This type 
of assembly can be referred as ‘head-to-head’ assembly since the body of the SWNTs does not 
500 nm
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participate in the assembly. However, another type of assembly was also observed in the AFM 
micrographs. One end of SWNT was joined to the body of another SWNT to give a ‘head-to-body’ 
assembly (Figure 7.6, red inset). Since defects are difficult to eliminate from the HiPco SWNT structure, 
it is possible to have a defect site which is big enough to host fullerene and initiate junction formation. 
The AFM images strongly suggested that it is possible to join SWNTs with fullerene end-capped linkers, 
in this case, bis-fullerene dumbbell. Comparing the original HiPco SWNTs and the self-assembled 
SWNTs, the observed SWNT structures in the AFM micrographs showed significant difference. In the 
original SWNTs dispersion, highly individualised SWNTs were observed (See Figure 7.1). However, in the 
case of self-assembly with bis-fullerene dumbbell (Figure 7.5), various SWNTs were observed to be 
connected by either ‘head-to-head’ or ‘head-to-body’ assemblies. The structure of the self-assembled 
SWNTs networks are different from the SWNTs network resulted from a simple drying process. The self-
assembled SWNT networks showed clear nanotube structures (individual SWNTs) within the networks. 
Each SWNTs connection produced in the self-assembly showed a clear junction point and no sign of 
SWNTs overlapping (Figure 7.6). 
 
Figure 7.7 – AFM micrographs of self-assembled HiPco SWNTs with PEG3350(C60) diamond ring.  
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A control experiment to confirm the nature of fullerene linkers in SWNTs self-assembly was carried out 
with the PEG3350(C60) diamond ring. Since the diamond ring molecule only contains a single fullerene 
connected to a PEG chain to give a closed ring structure. No junction formation is expected when mixed 
with SWNT dispersions. Surprisingly, AFM micrographs of this control experiment showed an unusual 
SWNT structure (Figure 7.7). All observed SWNTs were attached to the edge of a solid particle. Since the 
mixture only contains SWNTs dispersion and the PEG3350(C60) in toluene, it must be a micelle structure 
from aggregated PEG3350(C60). The radial attached SWNTs are mainly individual SWNTs (some SWNTs 
bundles containing 2 – 3 nanotubes were also found). From the shape of the self-assembled SWNT 
structure, the PEG3350(C60) did not fully dissolve in the solution but remained as a big aggregate/micelle. 
Since toluene is a better solvent for fullerene than the PEG core, the fullerenes were expected to shield 
the PEG chain inside the core to minimise the PEG contact to the solvent. Thus, any free SWNTs floating 
around the PEG3350(C60) micelle can attach onto the surface via fullerenes insertion to form a 
supramolecular star shaped SWNT structure ‘nano-spider’. This is the only model which explains the 
shape of the observed SWNTs structure. Although PEG3350(C60) diamond ring may not be the best 
fullerene adducts for encapsulation since there are two covalent attachments on the fullerenes, the 
images show that it is possible to perform the self-assembly. This control experiment strongly supports 
the original hypothesis that the geometry of SWNT structure can be controlled by a fullerene linker. 
Since only one fullerene is available in the molecule, no SWNT-SWNT junctions can form. However, the 
self-assembly of SWNTs with PEG3350(C60) showed a novel type of assembly which all the observed 
SWNTs were attached to the PEG3350(C60) core. The predominance of open ends over side wall insertion 
may be due to steric effects. 
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7.4 Supramolecular Assembly of SWNT-SO 
7.4.1 Characterisation of SWNT-SO 
As HiPco SWNTs do not contain many large diameter SWNTs, the yield of SWNT junctions is relatively 
low. In order to study the effect of fullerene linkers to the final self-assembled SWNTs structure, higher 
encapsulation efficiency is needed. Therefore, SWNT-SO were employed since they are mainly large 
diameter SWNTs which are suitable for fullerene encapsulation. 
 
Figure 7.8 - AFM micrographs of SWNT-SO dispersion in NMP (Prepared by 2 hours sonication and 2 
hours centrifugation at 41,000 rpm). Micrograph on the left was taken from the centre of the Si wafer 
whereas image on the right was taken from the edge of the Si wafer surface. The small particles 
observed in the image are the polyamide generated in situ during NMP sonication. 
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Figure 7.9 – Diameter (left) and length (right) distribution of a SWNT-SO dispersion prepared by 2 hours 
sonication in NMP. Average diameter distribution is 3.2 ± 1.6 nm (N = 50) whereas average length 
distribution is 890 ± 668 nm (N = 50). 
 
Similar to the HiPco SWNT dispersions, the SWNT-SO NMP dispersion was prepared by sonicating SWNT-
SO powder in NMP (0.1mg/ml) for 2 hours. Ultracentrifugation was applied to separate the metal 
catalyst and large SWNTS bundles. The top 50% supernatant was collected and used in self-assembly 
experiment. As shown in Figure 7.8, most individualised SWNTs were observed at the centre of the AFM 
sample and large SWNTs networks resulting from the drying process were found on the edge of the 
sample. Both diameter and length distribution of the SWNT-SO were measured with the SWNTs found in 
the centre of the sample. A number of SWNT bundles containing 2 – 8 SWNTs were also observed in the 
sample which effectively increased the diameter distribution of the SWNT-SO to 3.2 ± 1.6 nm. Despite 
the presence of SWNT bundles, most of the SWNTs in the dispersion are larger than that of HiPco 
SWNTs which suggested that a higher fullerene encapsulation can be achieved. The average length of 
the SWNT-SO was found to be 890 nm which is significantly longer than HiPco SWNTs. 
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7.4.2 Concentration of SWNT-SO 
Unlike HiPco SWNTs where only a fraction of the SWNTs are suitable for encapsulation, SWNT-SO 
contains mostly large diameter SWNTs and thus a higher encapsulation yield was expected. It has been 
shown that SWNT self-assembly is controlled by the fullerene end-capped linkers. To achieve 
hierarchical SWNT structures with different fullerene linkers, the amount of open ends in SWNTs should 
be correlated to the number of fullerenes available in the system. In order to study this effect, the SWNT 
concentration must be determined. It has been reported that UV-vis absorption can be used to calculate 
the concentration of SWNT in dispersion. Typically, the 660 nm absorption is used to calculate the 
concentration using a standard empirical extinction coefficient (3264 ml mg-1 m-1)12. The 660 nm 
absorption of the SWNT-SO dispersion was found to have an absorbance of 0.132, thus, the amount of 
the SWNTs present in the dispersion is calculated as 0.132 ÷ (3264 x 0.01) = 4 x 10-3 mg/ml. (*0.01 is the 
length conversion for a 1 cm path length cuvette). However, knowing the mass of the SWNTs in the 
dispersion does not directly give any information of the number of SWNTs (mole). To obtain the number 
of mole of SWNTs in the dispersion, the molecular mass of SWNTs has to be determined first. 
In order to calculate the relative molecular mass of the SWNTs, the number of carbon atoms per SWNT 
is needed (since SWNTs are heterogeneous, only an average value can be determined). The measured 
diameter distribution was slightly higher than individual SWNTs due to the presence of SWNT bundles. 
To eliminate the errors generated by SWNT bundles in the calculation, the bundles were excluded. 
Therefore, the revised mean SWNT diameter (with SWNT diameter below 3 nm) was 1.42 nm which is 
close to the manufacture’s value 1.4 nm. Molecular modelling of the SWNTs with 1.4 nm diameter 
showed there are 186 carbon atoms per 1 nm segment. Therefore, a 890 nm long SWNT would contain 
(890 x 186) 165540 carbon atoms, giving a relative molecular mass of SWNT of (165540 x 12 g/mol) 
1986480 g/mol.  
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From UV-vis, the amount of SWNTs in dispersion was found to be 4 x 10-3 mg/ml. Thus, the number of 
mole of SWNTs can be calculated as 4 x 10-6 g/ml ÷ 1986480 g/mol = 2 x 10-12 mol/ml. If SWNTs are 
assumed to have two open ends, the number of mole of open ends is 4 x 10-12 mol/ml. Since it is very 
difficult to estimate the number of defect sites on SWNTs surface, 2 open ends per SWNTs were 
assumed as a first approach.  
Once the concentration of open ends of SWNTs was determined, the ratio of SWNTs and fullerene could 
be controlled easily. The concentration of the fullerene linkers was controlled by dilution relative to the 
SWNT concentration, using the 336 nm absorption for the fullerene π – π* absorption with extinction 
coefficient 42658 LM-1cm-1 for PCBM210 as a reference. 
 
 
 
 
 
 
 
 
 
 
 
 
148 
 
7.4.3 Self-Assembly of SWNT-SO in Binary Solvent System 
 
Figure 7.10 – Schematic illustration of supramolecular self-assembly of SWNT-SO with the 
corresponding fullerenes end-capped linkers. 
 
A one to one ratio of fullerenes (F) and SWNT open ends (E) was chosen as a starting point for the self-
assembly study with all linkers. Mono-fullerene end-capped linkers PrOEt(OPCB), was tested in the 
assembly as a control experiment, which was not expected to result in junction formation. Atomic force 
microscopy (AFM) micrographs (Figure 7.11) revealed an interesting phenomenon which some SWNTs 
were stuck together. This mono-fullerene derivative should, in theory, inserted into the inner cavity of 
SWNTs to give peapod derivative. In previous peapod literature, fullerenes are likely to ‘dock’ onto the 
SWNT surface and slowly diffuse along the body to find an open end / hole108. The observed SWNTs 
networks suggested the mono-linker acted as a surfactant molecule (some mono-linker must be trapped 
inside the SWNTs but could not be revealed by AFM) and glued together any adjacent SWNTs. 
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Figure 7.11 – AFM micrographs of self-assembly of SWNT-SO with mono-fullerene linker PrOEt(OPCB) in 
1 : 1 ratio of open ends of SWNTs to fullerenes. 
 
Bis-fullerene end-capped linker, PEG~4(OPCB)2 is expected to induce simple junction formation by joining 
two SWNTs at the ends. Due to the flexible (PEG) nature of the linkers, the SWNT-SWNT junctions were 
found to have different inter-SWNTs angle (angle between the connected SWNTs). The concentration 
calculation was based on two open ends per SWNT, thus, all assembly was expected to be facilitated 
only at the SWNT terminals to give a ‘head-to-head’ addition. However, it is unlikely to obtain perfect 
SWNTs with no defects along the surfaces and the reality is multiple ‘holes’ are always present on the 
SWNT surfaces. If the holes are large enough (> 1.3 nm), they will encapsulate any fullerene resting on 
the SWNT surfaces and a ‘head-to-body’ junction will be formed. From the AFM micrographs 
(Figure 7.12), majority of the SWNTs junctions were found to be ‘head-to-body’ assemblies. There might 
be ‘body-to-body’ assemblies present in the sample; however, AFM can not distinguish such assembly 
from simple SWNT bundles. All ‘head-to-body’ SWNT assemblies showed sharp inter-SWNT angles and 
minimal SWNTs overlapping were observed. This strongly suggested that the SWNTs junctions resulted 
from self-assembly instead of a simple partial debundling process. In an ideal self-assembly of bis-
fullerene end-capped PEG linkers and perfect SWNTs (2 open ends per tube), it should result in 
elongated SWNTs via pure ‘head-to-head’ addition. However, this ideal assembly was not observed due 
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to the significant number of defects present on the SWNTs surfaces which make ‘head-to-body’ 
assembly predominant. 
 
Figure 7.12 – AFM micrographs of self-assembly of SWNT-SO with bis-fullerene linker PEG~4(OPCB)2 in 1 : 
1 ratio of open ends of SWNTs and fullerenes. 
 
In the self-assembly of SWNT-SO and polydisperse tris-fullerene end-capped PEG linker PEG~21(OPCB)3, a 
three-fold junction with three SWNTs joined via ‘head-to-head’ assembly was expected. However, due 
to the polydispersed nature of the PEG, it was not possible to remove the corresponding bis-fullerene 
linkers from the reaction mixture. The majority of the junctions observed were ‘head-to-body’ additions 
which were similar to that of pure bis-fullerene assembly since the linkers contain mostly bis-fullerene 
linkers. However, a few ‘head-to-head’ SWNTs junctions (Figure 7.13, marked with red arrows) were 
also observed within the micrographs. Unfortunately, the observed SWNTs junctions only contain two 
SWNTs. This outcome can be explained by either the fullerenes on polydisperse three-fold linkers did 
not encapsulate completely due to steric effects or the observed junctions resulted from a bis-fullerene 
linkers which was inseparable from the polydisperse tris-fullerene linkers.  
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Figure 7.13 – AFM micrographs of self-assembly of SWNT-SO with tris-fullerene linker PEG~21(OPCB)3 in 
1 : 1 ratio of open ends of SWNTs to fullerenes. Red arrows indicate the ‘head-to-head’ assemblies. 
 
In order to eliminate the bis-fullerene contamination issue in polydisperse tris-fullerene end-capped 
linkers, a novel benzene core tris-fullerene end-capped linker with monodisperse multi-ethylene oxide 
arms was prepared. Multi-ethylene oxide arms were again chosen to incorporate flexibility into the 
linker and also retain the PEG solubility so the same self-assembly system could be used. Self-assembly 
of this monodisperse tris-fullerene linkers with SWNT-SO revealed unusual SWNT network formation. 
AFM micrograph (Figure 7.14, marked with ‘*’) showed clear SWNT-SWNT assembly with two ‘head-to-
head’ junctions located on the same SWNT to form an unusual ‘C’ sharp junction (similar to a football 
goal shape). The observed SWNT junctions appeared to have an additional SWNT attached onto the 
surface. Assembled SWNTs may attract other SWNTs onto their surfaces to form SWNT bundles due to 
reduced molecular tumbling of big SWNTs self-assembled networks. Having two nearly 90o inter-SWNT 
angles on the same SWNT within a SWNTs structure is a strong evidence for the self-assembly between 
SWNTs and fullerene end-capped linkers.  
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Figure 7.14 – (Left) AFM image of SWNT self-assembly with monodisperse tris-fullerene end-capped 
linker, PEG24(OPCB)3 in 1:1 ratio of open ends and fullerenes. (Right) Enlarged SWNTs self-assembly 
region showing a clear ‘head-to-head’ SWNT-SWNT assembly in an unusual ‘C’ shape, marked with ‘*’.  
 
7.4.4 TEM of Self-assembled SWNT-SO with Monodisperse tris-fullerene PEG Linker 
The ultimate proof of the self-assembly is a high resolution TEM image with 3 SWNTs connected by a 
monodisperse tris-fullerene linker and all three fullerenes are clearly shown in the cavity of the SWNTs. 
Since TEM is a standard method to characterise peapods, the corresponding peapod TEM sample 
preparation is well established. In short, SWNTs filled with fullerene are sonicated in a low boiling point 
solvent for a short period of time, the semi-exfoliated dispersion is then drop casted onto a TEM grid110. 
Low power and short time sonication does not exfoliate the SWNTs completely. However, having SWNTs 
bundles is a benefit in peapod imaging. Since both the TEM grid and SWNTs/C60 are made with carbon, 
TEM can not resolve the two clearly. In order to have a good contrast in TEM image, the SWNTs must be 
deposited over the holes on the carbon grid. Bundles filled with fullerenes bridges over the holes, 
allowing the internal structure of SWNTs to be resolved clearly. 
2µm
7nm
0nm
1µm
*
*
153 
 
 
Figure 7.15 – TEM images of SWNT-SO self-assembled networks with monodisperse tris-fullerene end-
capped PEG linker PEG24(OPCB)3 in a 1:1 ratio of opened end of SWNTs to fullerene (same sample as 
Figure 7.14). (Left) Image showing SWNT wrap around the carbon film on copper grid (red arrow). 
(Right) Possible SWNTs 3-way junction with three different SWNTs. TEM images were taken by 
Dr. Stephen. Hodge. 
 
SWNTs self-assembly can only be carried out with individualised SWNTs in dispersion at low 
concentration to avoid rebundling which increase the difficulty in TEM imaging. An attempt to image 
junction was made by drop casting the SWNT dispersion (SWNT-SO) with monodisperse tris-fullerene 
end-capped PEG linker PEG24(OPCB)3) onto holey carbon grid (Figure 7.15). However, Due to the strong 
adhesion between SWNTs and the carbon grid and the flexibility of individual spacers, very few SWNTs 
were suspended over the hole. Figure 7.15 (right) shows an image of a 3-way SWNTs junction formed by 
self-assembly of three SWNTs with the monodisperse tris-fullerene linker. It clearly showed the SWNT 
structure on the carbon grid but the internal structure is not revealed due to poor contrast. 
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7.5 Self-assembly of SWNT-SO in Single Solvent (NMP) 
AFM analysis of self-assemblies suggested it is possible to form junctions with fullerene end-capped 
linkers. Although 10% toluene does not crash out SWNTs from dispersion, it may induce a small degree 
of rebundling between SWNTs due to interruption of NMP solvation shell by toluene molecules. Original 
peapod formation mechanism suggested that fullerene should not be completely individualised in order 
to achieve high filling yield108. Thus using pure NMP to maximise SWNT individualisation even with poor 
linker solubility may be an alternative route for SWNT junction formation. In addition, the ratio between 
number of fullerenes (F) and number of open ends on SWNTs (E) should have a significant effect of the 
nature of the assembled structures. In the case of monodisperse tris-fullerene linkers, it is believed that 
if F is equal to E, it should create large SWNT networks as each open end should encapsulate a single 
fullerene. If E is larger than F, it should create a smaller SWNT network should form as all fullerenes 
should be encapsulated and excess SWNTs remain individualised. IF E is smaller than F, there will be 
more fullerene available in the system which should saturate each SWNT open end, thus, no assemblies 
are expected. Due to these two factors (solubility and ratio), a set of self-assembly experiments without 
the addition of toluene were carried out.  Self-assembly with SWNTs and various concentrations of 
monodispersed tris-fullerene end-capped linkers in pure NMP were prepared and studied by AFM. All 
self-assembly experiments were carried out with a constant concentration of SWNTs (concentration of 
open ends, 4 x 10-12 mol/ml) for consistency. 
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Figure 7.16 – Statistical analysis of number of junctions (both head-to-head and head-to-body) observed 
in self-assembled SWNTs networks  with increasing ratio of SWNTs open ends and fullerenes on 
monodispersed tris-fullerene end-capped linker PEG24(OPCB)3. Data points were taken from an average 
of 5 micrographs (located around the centre of Si wafer) and error bars are given in standard derivation 
(except data point ‘2’ where only 1 AFM micrograph was used). 
 
The number of junctions observed in the AFM micrographs is an important indication of the self-
assembly. The number of SWNTs present in a network can only act as a preliminary indication of the 
assembly, since not all SWNTs within the networks were involved in junction formation. Thus, counting 
the number of junctions (both ‘head-to-body’ and ‘head-to-head’) present in the samples, the degree of 
self-assembly can be identified. Statistical analysis of the observed junctions (Figure 7.16) showed a 
significantly larger number of SWNTs junctions in 1 : 0.001 (E : F, open ends of SWNTs : number of 
fullerenes) ratio (data point 4). Unlike assembly with other ratios where only small SWNTs networks 
were formed with limited number of junctions, a complete SWNTs network which covered an area of 10 
µm was observed in this 1 : 0.001 ratio (Figure 7.17).  Since all the self-assembly experiments have the 
same concentration of SWNTs, the observed network size is solely attributed to the self-assembly 
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process, not the effect of SWNTs concentration. This finding matches the original hypothesis that large 
SWNTs networks are formed when the correct ratio of linkers and SWNTs are used (1 : 1, F : E in the 
hypothesis). However, there is a 1000-fold difference between the observed and theoretical ratio. The 
calculation of the concentration of SWNTs open ends is based on the assumption of a perfect structure 
(no defects) with two ends per tube which give a relatively huge error in the calculation, the actual 
‘holes’ concentration (including open ends and defects on surfaces) must be greater than the calculated 
value. Thus, the actual ratio for self-assembly must be greater than the calculated 1 : 0.001 ratio (more 
like 1 : <0.001). Despite the network formations (with various ratio of SWNTs and fullerenes) observed 
in AFM were different from the hypothetical assumption, the amount of fullerene linkers present in the 
system did affect the size of the SWNTs self-assembled network which suggested junction formation can 
be controlled by the fullerene linkers. However, due to the heterogeneity of SWNTs (wide length 
distribution), it is difficult to control the final geometry of the self-assembled SWNTs networks. 
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Figure 7.17 – AFM micrographs of SWNT-SO self-assembly with varying ratio of open ends of SWNTs to 
fullerenes starting from (Top left, clockwise) 1:1 ratio, 1:10-1, 1:10-2, 1:10-3, 1:10-4, 1:10-5 and 1:10-6. All 
AFM images were taken from the centre of the Si wafer to minimise variation between samples. The big 
SWNTs network was only observed in the 1:0.001 sample (1000 open ends of SWNTs to 1 fullerene). 
 
7.6 Proposed Mechanism of Self-Assembly in NMP 
A proposed mechanism for SWNTs supramolecular self-assembly with monodispersed tris-fullerene end-
capped linkers is illustrated in Figure 7.18. The mechanism can be divided into three steps. (1) A free 
tris-fullerene end-capped linker approaches the surface of SWNT and eventually absorbs due to strong 
van der Waal’s interactions between fullerene and SWNTs surface. (2) The exohedrally absorbed 
fullerene linker is then free to migrate on SWNT surface in any direction. (2a) represents the linker 
molecule migrating towards a defect site on the surface whereas in (2b) the molecule migrates towards 
the open end of the SWNT. The linker then insert into either (3a) a defect site or (3b) an open end. The 
non-encapsulated fullerenes can then attach to other SWNTs to form SWNTs junctions as illustrated in 
(ii).  
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However, if the reaction rate of the second fullerene insertion into another individual SWNT is identical 
to the first insertion (i), the ratio of the SWNTs and linkers should control the final structure of the 
assembly. However, AFM images (Figure 7.17) showed optimal network formation was observed at a 
much higher SWNTs concentration than the fullerene linkers which suggest that the network formation 
may be governed by a kinetic effect. It is possible that at high fullerene linker concentration (1:1, E:F), 
the fullerene linkers should attach onto most of the SWNTs surface to form SWNT-linker complex and 
leaving a relatively small amount of SWNTs remain individual. The remaining SWNT may then assemble 
onto the SWNT-linker complex to give small SWNT networks. These small SWNT networks have to 
diffuse and rotate into a right conformation for further self-assembly. However, SWNT networks are 
believed to have a slow diffusion rate (than pristine SWNTs) and reduced molecular tumbling, thus, self-
assembly of two small SWNT networks may require longer time. Whereas in the case of low fullerene 
concentration (1:0.001, E:F), only a fraction of SWNT may be attached with the fullerene linkers to form 
SWNT-linker complex and the rest of the SWNTs remain as individual SWNT. Since there are significantly 
more individual SWNT than the SWNT-linker complex, it may increase the probability of individual SWNT 
bridging the SWNT-linker complex to form large SWNT network. Since this type of assembly involves 
individual SWNT, the self-assembly process may be more efficient and required less time than the self-
assembly of two small SWNT networks (akin 1:1, F:E). When the concentration of fullerene is too low 
(below 1:1000, F:E), no large SWNT network are expected as there are not enough linkers for self-
assembly. However, this is only a hypothetic mechanism, more experiments are required for 
verification. The self-assembly should be leave for longer time and more large networks may be 
observed even in higher fullerene concentration. In addition to time study, the self-assembly could be 
carried out at higher temperature so that all SWNTs species should have higher kinetic energy which 
should result in faster assembly. 
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Figure 7.18 – Schematic representation of self-assembly mechanism between SWNTs and mono-
dispersed tris-fullerene end-capped linkers, PEG24(OPCB)3. i) Sequential steps in junction formation with 
(a) ‘head-to-body’ assembly and (b) ‘head-to-head’ assembly. ii) Resultant SWNTs junctions with both 
‘head-to-body’ and ‘head-to-head’ assembly. 
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7.7 Annealing the Self-assembled SWNT Networks 
AFM analysis confirmed that it is possible to connect SWNTs with fullerene end-capped linkers. 
However, the SWNTs within the junctions are not covalently connected which make it unsuitable for 
fabrication of electronic devices. In order to achieve continues SWNT self-assembled structure, all SWNT 
must be fused together. This covalently fused SWNT structure should provide better electron transport 
properties than any randomly aligned SWNT network. It has been proposed that annealing SWNT at high 
temperature (900 °C, in vacuo) could repair the side wall damages in SWNTs133. Given that SWNTs within 
the junction are very close, annealing the SWNT junctions may fuse the SWNTs together (Figure 7.19).  
In addition to fusing SWNTs, high temperature annealing should remove surface contamination 
(polyamide from NMP sonication, fullerene linkers on surface). Since PEG and polyamide are simple 
organic polymers, they degrade at elevated temperature (typical degradation temperature for polymer 
~ 250 – 300 °C). 
 
Figure 7.19 – Schematic illustration of fusion of self-assembled SWNTs at high temperature in vacuo. 
After high temperature annealing in vacuo, the majority of the small particles (polyamide from NMP 
sonication, un-encapsulated fullerene linkers) were removed. However, small amount of particles 
(30 - 50 nm) appeared on the surface (figure 7.20). It is most likely to be the debris remained from the 
thermal degradation of the polymers or contamination results from the furnace. 
a
b
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Figure 7.20 – AFM micrographs of SWNT-SO self-assembly with monodisperse tris-fullerene linker (1:1 
ratio). Right column showing the diameter for the SWNTs in the junctions. 
 
High resolution AFM images of SWNT-SO self-assembly with monodisperse tris-fullerene linker (1:1 
ratio) in pure NMP (annealed at 900 °C) are shown in Figure 7.20. These clearly showed the diameters of 
the SWNTs in the junctions were different from others which suggested junction formation between 
three different SWNTs. All SWNTs observed within the junctions were found to have diameter from 1.3 
– 1.7 nm which suggest the junction formation is produced via fullerene encapsulation. The SWNT 
debundling process in NMP has been studied extensively by Coleman et al.12. It has been shown that 
when SWNTs peel off from a bundle, there is no sharp angle between the two SWNTs (Figure 7.21). 
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Close inspection of the self-assembled SWNTs junctions (figure 7.20) revealed that the observed SWNTs 
junction resulted from the self-assembly process since the observed inter-SWNTs angles are sharp and 
diameter measurement revealed each SWNTs within the junction were individual SWNTs. 
Unfortunately, it has not been possible to measure electrical conductivity of the SWNT junction to verify 
the covalent fusing of SWNTs. Such measurement could be performed in scanning tunnelling microscopy 
(STM) and should be studied in the future. 
 
Figure 7.21 – Typical debundling process of SWNTs12. 
  
1 µm
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7.8 Conclusion 
Extensive AFM analysis revealed that fullerene end-capped linkers can be employed to connect SWNTs 
via self-assembly to give SWNTs junctions. The self-assemblies have been demonstrated in both 
NMP/Tol and pure NMP solvent systems. However, diameter distribution of SWNTs was found to be the 
key in SWNTs self-assembly as shown by HiPco and SWNT-SO. Since the open ends of SWNTs are 
outnumbered by the surface defects, ‘head-to-body’ assemblies were observed predominantly and only 
limited ‘head-to-head’ junctions were observed. The mechanism of the self-assembly was believed to 
proceed via a kinetic route in which the diffusion of the initially formed SWNT self-assembled structure 
affect the size of resultant self-assembled SWNTs networks. Higher Temperature annealing in vacuo was 
found to be effective in removing the polyamide (from NMP sonication) and non-encapsulated fullerene 
linkers from the Si surface. High resolution AFM images showed the self-assembled SWNT junction with 
three distinct individual SWNTs which is good evidences for this supramolecular self-assembly of SWNTs 
with fullerene end-capped linkers. However, further optimisation to the self-assembly system is needed 
in order to gain more control over the self-assembled SWNTs structure. In addition, SWNTs with narrow 
length distributions should produce well-defined and uniform SWNT self-assembled structures.  
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7.9 Methods 
Self-assembly of HiPco SWNTs and fullerene end-capped linkers in Binary Solvent System 
HiPco SWNTs NMP dispersion was prepared by sonication (see section 6.7). Bis-fullerene end-capped 
PEG linker PEG~5(OPCB)2 dumbbell and PEG3350(C60) diamond ring were dissolved in toluene (0.1 mg/ml) 
respectively. 0.1 ml of the corresponding dumbbell and diamond ring toluene solution was added to 
0.9 ml of NMP HiPco dispersion. The mixtures were mixed thoroughly with a glass pipette and it was 
then allowed to stand overnight for the self-assembly to proceed. 3μL of the mixtures were taken from 
each mixture with an eppendorf pipette and deposited onto clean Si wafer. The Si wafers were placed in 
a heavy duty glass contain and connected to vacuum. The container was then heated on a hot plate at 
200 °C overnight to aid complete removal of NMP and toluene. 
SWNT-SO Dispersion 
Arc-discharged SWNTs (SWNT-SO) were purchased from Meijo Nano Carbon Co. Anhydrous N-methyl 
pyrrolidone (NMP) was purchased from Sigma Aldrich and used as-received. 2 mg of SO-SWNT and 
20 ml of NMP was placed into a glass vial and fitted onto a probe sonicator (GEX 750, SONICS & 
MATERIALS). The vial was then immersed into a 3 L ice-water bath in order to absorb any heat 
generated during sonication. The SWNTs was then sonicated at 20% of the 750W power (GEX 750 
ultrasonic processor with a 5 mm titanium alloy Ti-6Al-4V microtip, SONICS & MATERIALS INC, 
Newtown, US) for 2 hrs. A 3 L ice bath was used to maintain the temperature during sonication. The 
dispersion was then allowed to stand overnight. Large SWNTs bundles were then removed by 
centrifugation at 41,000 rpm for 2 hrs with an ultracentrifuge (Optima L-90K with SW41 Ti rotor, 
Beckmen Coulter). 50 % of the dark supernatant was collected using a glass pipette. The supernatant 
was dilute with NMP prior use. 
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Self-Assembly of SWNT-SO and fullerene end-capped linkers in binary solvent system NMP/Tol 
0.9 ml of SWNT-SO NMP dispersions (4 µg/ml, open ends concentration 4 x 10-12 mol/ml) were placed in 
a glass vial. 0.1 ml of fullerene linkers toluene solution (fullerene concentration 4 x 10-11 mol/ml) were 
then mixed with the NMP dispersion. The mixtures were mixed thoroughly with a glass pipette and it 
was then allowed to stand overnight for the self-assembly to proceed. 3μL of the mixtures were taken 
from each mixture with an eppendorf pipette and deposited onto clean Si wafer. The Si wafers were 
placed in a heavy duty glass container and connected to vacuum. The container was then heated on a 
hot plate at 200 °C overnight to aid complete removal of NMP and toluene. 
Self-Assembly of SWNT-SO and monodisperse tris-fullerene end-capped linker in NMP 
1 mg/ml of monodisperse tris-fullerene linker dissolved in toluene and it was then diluted by a factor of 
20,000 (divided in 2 steps, 0.1 ml of the stock solution was diluted to 2 ml with fresh toluene; then 10 µl 
of the first diluted solution was diluted to 10 ml with fresh toluene). By now the dilution solution (stock 
solution) has a fullerene concentration ~4 x 10-11 mol/ml. 
Subsequent dilution of the stock solution by a factor of 10 (0.1 ml into 1 ml) give diluted linker solutions 
with fullerene concentration from 4 x 10-12 to 4 x 10-17 mol/ml. 0.1 ml of each linker solutions (including 
the stock) were transferred into separate clean glass vials. The vials were placed in a fume hood for 3-4 
hours to allow toluene to evaporate. Then 0.9 ml of the SWNT-SO NMP dispersion was added to each 
vials (each vials contain different amount of fullerene linkers). The mixtures were then bath sonicated 
for 30 seconds to aid mixing of the SWNTs and fullerene linkers. The mixtures were then allowed to 
stand overnight for self-assembly to proceed. 3μL of the mixtures were taken from each mixture with an 
eppendorf pipette and deposited onto clean Si wafer. The Si wafers were placed in a heavy duty glass 
container and connected to vacuum. The container was then heated on a hot plate at 200 °C overnight 
to aid complete removal of NMP. 
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High Temperature Annealing 
Si wafers (containing the SWNTs) were placed in a ceramic boat and placed inside a 45 cm quartz tube 
(one end sealed, one end equipped with a quartz to metal joint). The quartz tube was then placed inside 
a furnace and with the metal joint attached to a turbo pump (Leybold PT 70F). The quartz tube was then 
evacuated with the pump (full speed, 1200 Hz) for 5 min. After that the quartz tube was heated to 
900 °C (heating rate, 30 °C/min). The temperature was maintained at 900 °C for 30 min for annealing. 
After 30 min, the furnace was switch off and the quartz tube was allowed to cool overnight under 
vacuum and samples were collected on the next day.                                                                                                                                                                              
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Chapter 8 – Future Studies and Conclusion 
8.1 Overview 
This thesis outlines the initial development of SWNT junction formation via the supramolecular self-
assembly of SWNTs and fullerene end-capped linkers, including the synthesis of the linker molecules and 
establishing suitable conditions for SWNT junction formation. Synthetic methodology reported in 
literature did not yield the desired bis-fullerene end-capped linker (dumbbell); a novel fullerene-PEG 
adduct with a diamond ring structure was subsequently discovered. Functionalisation of fullerene C60 to 
produce fullerene linkers via direct surface functionalisation was challenging and alternative routes to 
achieve desired linkers were sought. Commercially available PCBM (phenyl-C61-butyrl-acid-methylester) 
was employed in the synthesis of fullerene linkers; further functionalisation was carried out on the 
PCBM substituents rather than direct reaction with the fullerene which avoided the multiple addition 
issues. Fullerene end-capped linkers with different geometries (different number of fullerene end-caps) 
were synthesised by dibutyltin oxide (DBTO) catalysed transesterification between PCBM and the 
corresponding PEG cores. Purification of branched PEGs with multiple fullerene end caps were 
problematic due to the polydisperse nature of the PEG cores. Monodisperse PEG cores with well-
defined chain lengths resolved the separation difficulty. The resulting monodisperse fullerene linker was 
purified by column chromatography and employed in SWNT self-assembly. Initial SWNT junction 
formation was studied with HiPco SWNTs in a binary solvent system (NMP/Tol). Only a fraction of the 
SWNTs within the HiPco SWNTs sample have sufficient space in their inner cavities to facilitate junction 
formation. The bis-fullerene end-capped linker was effective in producing SWNT-SWNT junctions. 
However, due to the large amount of surface defects available on the SWNTs, fullerene linkers were 
found to insert into SWNTs via the surface defects resulting in ‘head-to-body’ junction instead of the 
desired ‘head-to-head’ junction. The newly discovered diamond ring fullerene adduct was found to 
induce selective assembly via the SWNT open ends. The diamond ring adduct with long PEG chain has a 
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high tendency to agglomerate into large aggregates (micelle), due to the strong interaction of PEG 
chains. Fullerenes localised on the surface of the micelle then inserted into SWNTs to facilitate self-
assembly. Once a first SWNT is attached onto the surface, it acts as a barrier for further incoming 
SWNTs. The second SWNT will approach to the self-assembled surface via its ends limiting the ‘body’ 
addition. 
Self-assembly of SWNT-SO was found to be significantly more efficient due to the larger tube diameter. 
Linker molecules with 1, 2 and 3 fullerene caps were employed in the assembly of SWNT-SO. ‘Head-to-
body’ junctions were observed predominantly due to the surface defects. Unique SWNT junction 
formation was observed in the self-assembly of SWNT-SO with mono-disperse tris-fullerene end-capped 
linker. An unusual ‘C’ shape SWNT structure with ‘head-to-head’ self-assembled SWNTs was observed. 
Further investigation of the SWNT self-assembly was performed in pure NMP system. Varying the 
concentration of the fullerenes was found to have a significant effect on SWNT self-assembly. The size of 
the self-assembled SWNT networks can be controlled by the availability of fullerene linkers, probably 
due to a kinetic effect. High resolution AFM images of the self-assembled SWNT junctions revealed the 
presence of three distinct individual SWNTs which provides evidence of the intended junction 
formation.  
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8.2 Future Studies 
8.2.1 Fullerene Linkers in Photovoltaics (PV) 
PEG grafted PCBM has been explored as additives to control the nano- and microstructure of the active 
layer (PCBM/P3HT, poly-3-hexylthiothene) and was found to produce highly stable and efficient polymer 
solar cells182,211. The multiply-bound fullerenes (multi-fullerene linkers) may offer additional 
opportunities to enhance device performance, potentially acting as more effective nuclent, inherently 
bringing together groups of fullerenes. At the same time, reducing the proportion of hygroscopic PEG 
should decrease sensitivity of the device to moisture. Thus, these multi-fullerene linkers have been sent 
to a polymer photovoltaic group at Imperial College in which their effect in PV device performance will 
be investigated. 
8.2.2 Rigid Fullerene Linkers 
Since all fullerenes end-capped linkers employed in this study were synthesised with flexible PEG cores, 
the geometry of the SWNT junctions are, therefore, difficult to control. Instead of using flexible linkers, 
rigid fullerene linkers with well-defined angles between the fullerene end caps would be an advantage 
in junction characterisation. If fullerene linkers with specific geometry are used in the self-assembly, the 
SWNT junction should have a constant inter-SWNT angle. A benzene core with conjugated substituents 
is a perfect starting material of the synthesis of rigid linkers. Grafting fullerenes onto specific position in 
the conjugated benzene core gives a unique geometry to the linkers so SWNT junctions can be identified 
easily in AFM. 
8.2.3 SWNTs with Narrow Diameter and Length Distributions 
Although SWNT-SO contains mostly large diameter SWNTs which are suitable for fullerene 
encapsulation, there is also a small fraction of small diameter SWNTs which lowered the overall 
encapsulation efficiency. An ideal SWNT self-assembly should be performed with SWNTs having 
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diameters larger than 1.3 nm to give the highest encapsulation efficiency. There are various well 
documented techniques which can be applied in SWNT diameter separation. The most suitable 
technique to be employed in diameter separation is density gradient ultracentrifugation (DGU) (see 
section 1.4.1 for more details).  Apart from selective diameters separation, DGU also separates SWNTs 
according to their lengths. Therefore, SWNTs with narrow diameter and length distributions can be 
achieved using a single methodology. Together with rigid fullerene end-capped linkers, it should be 
possible to generate well-defined SWNT self-assembled networks. 
8.2.4 Ultra Short SWNTs 
The length of SWNTs is important in SWNT junction formation as short SWNTs diffuse more easily than 
long SWNTs. In addition to this diffusion issue, short SWNT segments may have lower defect to open 
end ratio which should promote more ‘head-to-head’ junction formation. Although the SWNTs are 
shortened to hundreds of nanometers after sonication, a significant number of ‘head-to-body’ junctions 
were still observed in the assembly. Therefore, the SWNTs have to be shortened further, ideally down to 
10 – 20 nm which should give a high open end to defect ratio which prevents ‘head-to-body’ junction 
formation. A number of SWNT cutting techniques have been reported but the reported SWNT lengths 
are around 50 nm which are still longer than the desired length212,213. A modified sonication method 
reported by Dai et al. has been shown to shorten SWNTs down to < 10 nm212. Ultra short SWNTs can be 
prepared by sonication with addition of surfactant phospholipids into the solution and the resultant 
SWNTs were separated by DGU to yield highly enriched short SWNTs. 
8.2.5 Measurement of Electric Conductivity of SWNT Junction 
An electric conductivity measurement should be carried out on the high temperature annealed SWNT 
junctions. Covalently fused SWNT junction should show increased conductivity than non-annealed 
junction. The measurement would be valuable in proving covalent fusing SWNT at the stated 
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experimental condition. It is important to establish and characterize covalently fused SWNT structure 
(see section 8.3.1). 
8.3 Future Applications of SWNTs Self-Assembly 
8.3.1 Nanoelectronics 
As shown in Chapter 1, SWNTs have been studied extensively in nanoelectronics. Existing SWNT based 
nanoelectronics such as TFTs (thin-film transistors) and FETs (field-effect transistors) fabricated with 
random SWNT networks showed excellent performance. The only way to increase the performance 
further is having a well-defined SWNT network instead of random SWNT percolating network. The self-
assembly of individual SWNTs can be employed to produce SWNT networks with better electron 
transport properties than randomly formed system. In addition, the self-assembly technology is not 
limited to SWNT-SWNT junction formation. Fullerenes covalently grafted on a substrate can also insert 
into SWNTs to give heterojunctions (SWNT-substrate junction). Controlling the distance between 
fullerenes on the substrate, it is possible to generate multi SWNT heterojunctions in a single self-
assembly process. This technology has the potential to be developed into a large scale SWNT device 
fabrication where large single SWNT arrays are required (e.g. FETs). 
In long run, the selective self-assembly of pure m-SWNTs and sc-SWNTs should be studied to suit 
different electronic applications. Pure m-SWNTs network could be used to replace ITO while pure 
sc-SWNTs could be applied in thin film transistors (TFT). 
8.3.2 SWNTs Membrane with Unique Pore Sizes 
Geometry of the fullerene linkers control the structure of self-assembled SWNT networks. Planar 
fullerene linkers with multiple fullerene caps should produce 2D SWNT networks. Fusing the self-
assembled 2D SWNT networks will give strong SWNT networks which can be used in membrane 
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filtration. The pore size of the membrane can be controlled by the length of the SWNTs and the planar 
structure of fullerene linkers. 
8.3.3 High Surface Area SWNT Scaffoldings 
In addition to planar SWNT networks which can be used for electronics or membrane filtration, a 3D 
SWNT self-assembled structure can also be produced selectively using non-planar fullerene linkers. Due 
to the high aspect ratio of SWNTs, it is ideal for applications which require high specific surface area. 
With this self-assembly technique, well-defined 3D SWNT structures might be produced with a high 
surface area which can be employed in hydrogen storage, electrodes, and scaffolding for hierarchal 
nano-composites. 
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8.4 Concluding Remarks 
A novel supramolecular motif and concept of SWNT-SWNT junction formation with fullerene end-
capped linkers was proved by extensive AFM analysis. Although the resulting junction geometry (head-
to-head, head-to-body) can not be controlled with existing methods, it has opened a way for selective 
SWNT assemblies. Self-assembly of short SWNTs with narrow length distributions and rigid fullerene 
linkers with well-defined geometry should produce highly ordered SWNT structures which can be 
applied in real-life applications. However, the self-assembly method has not been optimised. The 
parameters can be investigated further are solvents, effect of temperature, SWNT lengths. In order to 
utilise the full potential of this self-assembly technique, perfect SWNTs without defects have to be 
employed. The presence of defects along the SWNT surfaces is the major disadvantage of this technique 
as fullerene linkers can be easily trapped into the defect sites. Unfortunately, no synthetic method 
producing SWNTs without defects is currently available. Since this self-assembly technique can be 
employed in nano-electronic device fabrication, using SWNTs without defects not only benefits the 
SWNT junction formation (by limiting ‘head-to-head’ junction) but will also enhance the resulting device 
performance.  
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Appendix 
 
A1 – Full positive ionisation MALDI-TOF spectrum of HO – PEG3350 – OH (Mn ~ 3350) using trans-2-
[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile as matrix. 
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A2 – Full positive ionisation MALDI-TOF spectrum of Cl – PEG3350 – Cl using trans-2-[3-(4-tert-
Butylphenyl)-2-methyl-2-propenylidene]malononitrile as matrix. 
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A3 – Full positive ionisation MALDI-TOF spectrum of N3– PEG3350–N3 using trans-2-[3-(4-tert-
Butylphenyl)-2-methyl-2-propenylidene]malononitrile as matrix. 
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A4 – 1H NMR spectra of PEG3350-C60 (diamond ring) with different D1 delay. The spectrum with D1 = 20 
sec was chosen for characterisation as longer D1 does not result in further changes in integration. 
  
10 sec
15 sec
20 sec
25 sec
30 sec
35 sec
40 sec
178 
 
List of Publications 
H. C. Yau, M. K. Bayazit, J. H. G. Steinke, M. S. P. Shaffer, Structural Controlled Synthesis of Poly(ethylene 
glycol)-Fullerene[60] adducts by Varying Polymer Chain Length, in preparation, 2013 
H. C. Yau, M. K. Bayazit, J. H. G. Steinke, M. S. P. Shaffer, Synthesis and Characterisation of Branched 
Fullerene-Terminated Poly(ethylene glycol)s, in preparation, 2013 
H. C. Yau, M. K. Bayazit, J. H. G. Steinke, M. S. P. Shaffer, Supramolecular Assembly of Single Walled 
Carbon Nanotubes (SWNTs), Patent, being processed, 2013 
R. Menzel, A. Duerrbeck, E. Liberti, H. C. Yau, D. McComb, M. S. P. Shaffer, Determining the Morphology 
and Photocatalytic Activity of Two-Dimensional Anatase Nanoplatelets Using Reagent Stoichiometry, 
Chem. Mater, 2013, 2137-2145 
  
179 
 
References 
 (1) Kroto, H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley, R. E. Nature 1985, 318, 162. 
 (2) Iijima, S. Nature 1991, 354, 56. 
(3) Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, S. V.; 
Grigorieva, I. V.; Firsov, A. A. Science 2004, 306, 666. 
 (4) Coleman, J. N.; Khan, U.; Blau, W. J.; Gun'ko, Y. K. Carbon 2006, 44, 1624. 
 (5) Suarez-Martinez, I.; Grobert, N.; Ewels, C. P. Carbon 2012, 50, 741. 
 (6) Iijima, S.; Ichihashi, T. Nature 1993, 363, 603. 
(7) Palma, M.; Wang, W.; Penzo, E.; Brathwaite, J.; Zheng, M.; Hone, J.; Nuckolls, C.; Wind, 
S. J. Journal of the American Chemical Society 2013, 135, 8440. 
(8) Dresselhaus, M. S.; Dresselhaus, G.; Avouris, P. Carbon nanotubes: Synthesis, structure, 
properties, and applications; Springer: New York, 2001; Vol. 80. 
 (9) Girifalco, L. A.; Hodak, M.; Lee, R. S. Physical Review B 2000, 62, 13104. 
 (10) Rao, A. M.; Chen, J.; Richter, E.; Schlecht, U.; Eklund, P. C.; Haddon, R. C.; V 
  enkateswaran, U. D.; Kwon, Y. K.; Tomanek, D. Physical review letters 2001, 86, 3895. 
(11) Bergin, S. D.; Nicolosi, V.; Streich, P. V.; Giordani, S.; Sun, Z.; Windle, A. H.; Ryan, P.; 
Niraj, N. P. P.; Wang, Z.-t. T.; Carpenter, L.; Blau, W. J.; Boland, J. J.; Hamilton, J. P.; 
Coleman, J. N. Advanced Materials 2008, 20, 1876. 
(12) Giordani, S.; Bergin, S. D.; Nicolosi, V.; Lebedkin, S.; Kappes, M. M.; Blau, W. J.; Coleman, 
J. N. The journal of physical chemistry B 2006, 110, 15708. 
(13) Hodge, S. A.; Bayazit, M. K.; Coleman, K. S.; Shaffer, M. S. P. Chemical Society Reviews 
2012, 41, 4409. 
 (14) Schnorr, J. M.; Swager, T. M. Chemistry of Materials 2010, 23, 646. 
(15) Zheng, L. X.; O'Connell, M. J.; Doorn, S. K.; Liao, X. Z.; Zhao, Y. H.; Akhadov, E. A.; 
Hoffbauer, M. A.; Roop, B. J.; Jia, Q. X.; Dye, R. C.; Peterson, D. E.; Huang, S. M.; Liu, J.; 
Zhu, Y. T. Nat Mater 2004, 3, 673. 
 (16) Peigney, A.; Laurent, C.; Flahaut, E.; Bacsa, R. R.; Rousset, A. Carbon 2001, 39, 507. 
 (17) Yu, M.-F.; Files, B. S.; Arepalli, S.; Ruoff, R. S. Physical review letters 2000, 84, 5552. 
(18) Shim, B. S.; Tang, Z.; Morabito, M. P.; Agarwal, A.; Hong, H.; Kotov, N. A. Chemistry of 
Materials 2007, 19, 5467. 
 (19) Hong, S.; Myung, S. Nature 2007, 2, 207. 
(20) Hayashi, T.; Kim, Y. A.; Matoba, T.; Esaka, M.; Nishimura, K.; Tsukada, T.; Endo, M.; 
Dresselhaus, M. S. Nano letters 2003, 3, 887. 
(21) Elliott, J. A.; Sandler, J. K. W.; Windle, A. H.; Young, R. J.; Shaffer, M. S. P. Physical review 
letters 2004, 92, 095501. 
(22) Wang, X.; Li, Q.; Xie, J.; Jin, Z.; Wang, J.; Li, Y.; Jiang, K.; Fan, S. Nano Letters 2009, 9, 
3137. 
 (23) De Volder, M. F. L.; Tawfick, S. H.; Baughman, R. H.; Hart, A. J. Science 2013, 339, 535. 
(24) Dai, L. Carbon Nanotechnology: Recent Developments in Chemistry, Physics, Materials 
Science and Device Applications; Elsevier Science, 2006. 
(25) Endo, M.; Hayashi, T.; Kim, Y. A.; Terrones, M.; Dresselhaus, M. S. Philosophical 
transactions. Series A, Mathematical, physical, and engineering sciences 2004, 362, 
2223. 
(26) Wu, Z.; Chen, Z.; Du, X.; Logan, J. M.; Sippel, J.; Nikolou, M.; Kamaras, K.; Reynolds, J. R.; 
Tanner, D. B.; Hebard, A. F.; Rinzler, A. G. Science 2004, 305, 1273. 
(27) LeMieux, M. C.; Roberts, M.; Barman, S.; Jin, Y. W.; Kim, J. M.; Bao, Z. N. Science 2008, 
321, 101. 
180 
 
(28) Franklin, A. D.; Luisier, M.; Han, S.-J.; Tulevski, G.; Breslin, C. M.; Gignac, L.; Lundstrom, 
M. S.; Haensch, W. Nano Letters 2012, 12, 758. 
(29) Snow, E. S.; Perkins, F. K.; Houser, E. J.; Badescu, S. C.; Reinecke, T. L. Science 2005, 307, 
1942. 
 (30) Allen, B. L.; Kichambare, P. D.; Star, A. Advanced Materials 2007, 19, 1439. 
 (31) Dai, L.; Chang, D. W.; Baek, J.-B.; Lu, W. Small 2012, 8, 1130. 
(32) Loi, M. A.; Gao, J.; Cordella, F.; Blondeau, P.; Menna, E.; Bartova, B.; Hebert, C.; Lazar, S.; 
Botton, G. A.; Milko, M.; Ambrosch-Draxl, C. Advanced Materials 2010, 22, 1635. 
 (33) Smith, B. W.; Monthioux, M.; Luzzi, D. E. Nature 1998, 396, 323. 
(34) Liu, C.; Fan, Y. Y.; Liu, M.; Cong, H. T.; Cheng, H. M.; Dresselhaus, M. S. Science 1999, 
286, 1127. 
 (35) Smith, B. W.; Monthioux, M.; Luzzi, D. E. Nature 1998, 396, 323. 
(36) Maniwa, Y.; Matsuda, K.; Kyakuno, H.; Ogasawara, S.; Hibi, T.; Kadowaki, H.; Suzuki, S.; 
Achiba, Y.; Kataura, H. Nature Materials 2007, 6, 135. 
(37) Luksirikul, P.; Ballesteros, B.; Tobias, G.; Moloney, M. G.; Green, M. L. H. Carbon 2010, 
48, 1912. 
 (38) Javey, A.; Guo, J.; Wang, Q.; Lundstrom, M.; Dai, H. J. Nature 2003, 424, 654. 
 (39) Hersam, M. C. Nature nanotechnology 2008, 3, 387. 
(40) Rinzler, A. G.; Liu, J.; Dai, H.; Nikolaev, P.; Huffman, C. B.; Rodriguez-Macias, F. J.; Boul, P. 
J.; Lu, A. H.; Heymann, D.; Colbert, D. T.; Lee, R. S.; Fischer, J. E.; Rao, A. M.; Eklund, P. C.; 
Smalley, R. E. Applied Physics a-Materials Science & Processing 1998, 67, 29. 
(41) Chiang, I. W.; Brinson, B. E.; Huang, A. Y.; Willis, P. A.; Bronikowski, M. J.; Margrave, J. L.; 
Smalley, R. E.; Hauge, R. H. Journal of Physical Chemistry B 2001, 105, 8297. 
(42) Thess, A.; Lee, R.; Nikolaev, P.; Dai, H. J.; Petit, P.; Robert, J.; Xu, C. H.; Lee, Y. H.; Kim, S. 
G.; Rinzler, A. G.; Colbert, D. T.; Scuseria, G. E.; Tomanek, D.; Fischer, J. E.; Smalley, R. E. 
Science 1996, 273, 483. 
(43) Prasek, J.; Drbohlavova, J.; Chomoucka, J.; Hubalek, J.; Jasek, O.; Adam, V.; Kizek, R. 
Journal of Materials Chemistry 2011. 
(44) Nikolaev, P.; Bronikowski, M. J.; Bradley, R. K.; Rohmund, F.; Colbert, D. T.; Smith, K. A.; 
Smalley, R. E. Chemical Physics Letters 1999, 313, 91. 
(45) Kitiyanan, B.; Alvarez, W. E.; Harwell, J. H.; Resasco, D. E. Chemical Physics Letters 2000, 
317, 497. 
 (46) Omachi, H.; Nakayama, T.; Takahashi, E.; Segawa, Y.; Itami, K. Nat Chem 2013, 5, 572. 
 (47) Scott, L. T. Polycyclic Aromatic Compounds 2010, 30, 247. 
(48) Yu, X.; Zhang, J.; Choi, W.; Choi, J.-Y.; Kim, J. M.; Gan, L.; Liu, Z. Nano Letters 2010, 10, 
3343. 
 (49) Inori, R.; Okada, T.; Arie, T.; Akita, S. Nanotechnology 2012, 23. 
 (50) Krupke, R.; Hennrich, F.; von Lohneysen, H.; Kappes, M. M. Science 2003, 301, 344. 
(51) Arnold, M. S.; Green, A. A.; Hulvat, J. F.; Stupp, S. I.; Hersam, M. C. Nature 
nanotechnology 2006, 1, 60. 
 (52) Arnold, M. S.; Stupp, S. I.; Hersam, M. C. Nano letters 2005, 5, 713. 
 (53) Campidelli, S.; Meneghetti, M.; Prato, M. Small 2007, 3, 1672. 
 (54) Krupke, R.; Hennrich, F. Advanced Engineering Materials 2005, 7, 111. 
(55) Liu, H.; Feng, Y.; Tanaka, T.; Urabe, Y.; Kataura, H. The Journal of Physical Chemistry C 
2010, 114, 9270. 
 (56) Liu, H.; Nishide, D.; Tanaka, T.; Kataura, H. Nat Commun 2011, 2, 309. 
(57) Duesberg, G. S.; Muster, J.; Krstic, V.; Burghard, M.; Roth, S. Applied Physics a-Materials 
Science & Processing 1998, 67, 117. 
 (58) Ghosh, S.; Rao, C. Nano Research 2009, 2, 183. 
181 
 
(59) Toyoda, S.; Yamaguchi, Y.; Hiwatashi, M.; Tomonari, Y.; Murakami, H.; Nakashima, N. 
Chemistry – An Asian Journal 2007, 2, 145. 
 (60) Kim, W.-J.; Usrey, M. L.; Strano, M. S. Chemistry of Materials 2007, 19, 1571. 
(61) Ménard-Moyon, C.; Izard, N.; Doris, E.; Mioskowski, C. Journal of the American Chemical 
Society 2006, 128, 6552. 
 (62) Green, A. A.; Hersam, M. C. Materials Today 2007, 10, 59. 
(63) Hu, H.; Zhao, B.; Itkis, M. E.; Haddon, R. C. Journal of Physical Chemistry B 2003, 107, 
13838. 
(64) Dujardin, E.; Ebbesen, T. W.; Krishnan, A.; Treacy, M. M. J. Advanced Materials 1998, 10, 
611. 
 (65) Bower, C.; Kleinhammes, A.; Wu, Y.; Zhou, O. Chemical Physics Letters 1998, 288, 481. 
(66) Harutyunyan, A. R.; Pradhan, B. K.; Chang, J.; Chen, G.; Eklund, P. C. The journal of 
physical chemistry B 2002, 106, 8671. 
(67) Vaccarini, L.; Goze, C.; Aznar, R.; Micholet, V.; Journet, C.; Bernier, P. Synthetic Metals 
1999, 103, 2492. 
(68) Liu, J.; Rinzler, A. G.; Dai, H. J.; Hafner, J. H.; Bradley, R. K.; Boul, P. J.; Lu, A.; Iverson, T.; 
Shelimov, K.; Huffman, C. B.; Rodriguez-Macias, F.; Shon, Y. S.; Lee, T. R.; Colbert, D. T.; 
Smalley, R. E. Science 1998, 280, 1253. 
(69) Wang; Shan, H.; Hauge, R. H.; Pasquali, M.; Smalley, R. E. The journal of physical 
chemistry B 2007, 111, 1249. 
 (70) Zeng, L. L.; Zhang, L.; Barron, A. R. Nano letters 2005, 5, 2001. 
(71) Zheng, M.; Jagota, A.; Semke, E. D.; Diner, B. A.; McLean, R. S.; Lustig, S. R.; Richardson, 
R. E.; Tassi, N. G. Nature materials 2003, 2, 338. 
(72) Moore, V. C.; Strano, M. S.; Haroz, E. H.; Hauge, R. H.; Smalley, R. E.; Schmidt, J.; Talmon, 
Y. Nano letters 2003, 3, 1379. 
(73) Haggenmueller, R.; Rahatekar, S. S.; Fagan, J. A.; Chun, J. H.; Becker, M. L.; Naik, R. R.; 
Krauss, T.; Carlson, L.; Kadla, J. F.; Trulove, P. C.; Fox, D. F.; DeLong, H. C.; Fang, Z. C.; 
Kelley, S. O.; Gilman, J. W. Langmuir 2008, 24, 5070. 
(74) Matarredona, O.; Rhoads, H.; Li, Z. R.; Harwell, J. H.; Balzano, L.; Resasco, D. E. Journal of 
Physical Chemistry B 2003, 107, 13357. 
 (75) Uchida, T.; Kumar, S. Journal of Applied Polymer Science 2005, 98, 985. 
 (76) Tu, X.; Manohar, S.; Jagota, A.; Zheng, M. Nature 2009, 460, 250. 
(77) Menzel, R.; Tran, M. Q.; Menner, A.; Kay, C. W. M.; Bismarck, A.; Shaffer, M. S. P. 
Chemical Science 2010, 1, 603. 
(78) Lucas, A.; Zakri, C.; Maugey, M.; Pasquali, M.; van der Schoot, P.; Poulin, P. Journal of 
Physical Chemistry C 2009, 113, 20599. 
(79) Hennrich, F.; Krupke, R.; Arnold, K.; A., J.; Lebedkin, S.; Koch, T.; Schimmel, T.; Kappes, 
M. M. Journal of Physical Chemistry. B 2007, 111, 1932. 
(80) Cheng, Q. H.; Debnath, S.; Gregan, E.; Byrne, H. J. Journal of Physical Chemistry C 2010, 
114, 8821. 
 (81) Fogden, S.; Verdejo, R.; Cottam, B.; Shaffer, M. Chemical Physics Letters 2008, 460, 162. 
 (82) Lipscomb, W. N. The Journal of Chemical Physics 1953, 21, 52. 
(83) Fogden, S.; Howard, C. A.; Heenan, R. K.; Skipper, N. T.; Shaffer, M. S. P. ACS nano 2011, 
6, 54. 
(84) Hodge, S. A.; Fogden, S.; Howard, C. A.; Skipper, N. T.; Shaffer, M. S. P. Acs Nano 2013, 7, 
1769. 
(85) Dumitrescu, I.; Unwin, P. R.; Wilson, N. R.; Macpherson, J. V. Analytical Chemistry 2008, 
80, 3598. 
(86) Tans, S. J.; Devoret, M. H.; Dai, H. J.; Thess, A.; Smalley, R. E.; Geerligs, L. J.; Dekker, C. 
Nature 1997, 386, 474. 
182 
 
(87) Wilson, N. R.; Guille, M.; Dumitrescu, I.; Fernandez, V. R.; Rudd, N. C.; Williams, C. G.; 
Unwin, P. R.; Macpherson, J. V. Analytical Chemistry 2006, 78, 7006. 
(88) Rosenblatt, S.; Yaish, Y.; Park, J.; Gore, J.; Sazonova, V.; McEuen, P. L. Nano Letters 2002, 
2, 869. 
(89) Nougaret, L.; Happy, H.; Dambrine, G.; Derycke, V.; Bourgoin, J. P.; Green, A. A.; Hersam, 
M. C. Applied Physics Letters 2009, 94. 
(90) Li, Y.; Mann, D.; Rolandi, M.; Kim, W.; Ural, A.; Hung, S.; Javey, A.; Cao, J.; Wang, D.; 
Yenilmez, E.; Wang, Q.; Gibbons, J. F.; Nishi, Y.; Dai, H. Nano letters 2004, 4, 317. 
(91) Li, Y.; Peng, S.; Mann, D.; Cao, J.; Tu, R.; Cho, K. J.; Dai, H. The journal of physical 
chemistry B 2005, 109, 6968. 
 (92) Javey, A.; Wang, Q.; Ural, A.; Li, Y. M.; Dai, H. J. Nano Letters 2002, 2, 929. 
 (93) Banhart, F. Reports on Progress in Physics 1999, 62, 1181. 
(94) Terrones, M.; Terrones, H.; Banhart, F.; Charlier, J. C.; Ajayan, P. M. Science 2000, 288, 
1226. 
(95) Terrones, M.; Banhart, F.; Grobert, N.; Charlier, J. C.; Terrones, H.; Ajayan, P. M. Physical 
Review Letters 2002, 89. 
 (96) Smith, B. W.; Luzzi, D. E. Journal of Applied Physics 2001, 90, 3509. 
(97) Wang, M. S.; Bando, Y.; Rodriguez-Manzo, J. A.; Banhart, F.; Golberg, D. Acs Nano 2009, 
3, 2632. 
(98) Rodriguez-Manzo, J. A.; Wang, M. S.; Banhart, F.; Bando, Y.; Golberg, D. Advanced 
Materials 2009, 21, 4477. 
 (99) Krasheninnikov, A. V.; Banhart, F. Nature Materials 2007, 6, 723. 
 (100) Stokes, P.; Khondaker, S. I. Applied Physics Letters 2010, 96. 
 (101) Shekhar, S.; Stokes, P.; Khondaker, S. I. Acs Nano 2011, 5, 1739. 
(102) Marsh, D. H.; Rance, G. A.; Whitby, R. J.; Giustiniano, F.; Khlobystov, A. N. Journal of 
Materials Chemistry 2008, 18, 2249. 
 (103) Monthioux, M. Carbon 2002, 40, 1809. 
 (104) Smith, B. W.; Monthioux, M.; Luzzi, D. E. Chemical Physics Letters 1999, 315, 31. 
(105) Burteaux, B.; Claye, A.; Smith, B. W.; Monthioux, M.; Luzzi, D. E.; Fischer, J. E. Chemical 
Physics Letters 1999, 310, 21. 
 (106) Smith, B. W.; Luzzi, D. E. Chemical Physics Letters 2000, 321, 169. 
(107) Kataura, H.; Maniwa, Y.; Kodama, T.; Kikuchi, K.; Hirahara, K.; Suenaga, K.; Iijima, S.; 
Suzuki, S.; Achiba, Y.; Kratschmer, W. Synthetic Metals 2001, 121, 1195. 
(108) Chamberlain, T. W.; Popov, A. M.; Knizhnik, A. A.; Samoilov, G. E.; Khlobystov, A. N. Acs 
Nano 2010, 4, 5203. 
(109) Khlobystov, A. N.; Britz, D. A.; Wang, J. W.; O'Neil, S. A.; Poliakoff, M.; Briggs, G. A. D. 
Journal of Materials Chemistry 2004, 14, 2852. 
(110) Fan, J.; Chamberlain, T. W.; Wang, Y.; Yang, S. H.; Blake, A. J.; Schroder, M.; Khlobystov, 
A. N. Chemical Communications 2011, 47, 5696. 
(111) Kiang, C. H.; Choi, J. S.; Tran, T. T.; Bacher, A. D. Journal of Physical Chemistry B 1999, 
103, 7449. 
(112) Suenaga, K.; Okazaki, T.; Hirahara, K.; Bandow, S.; Kato, H.; Taninaka, A.; Shinohara, H.; 
Iijima, S. Applied Physics a-Materials Science & Processing 2003, 76, 445. 
 (113) Bianco, A.; Kostarelos, K.; Prato, M. Current Opinion in Chemical Biology 2005, 9, 674. 
(114) Ruoff, R. S.; Tse, D. S.; Malhotra, R.; Lorents, D. C. Journal of Physical Chemistry 1993, 97, 
3379. 
(115) Maggini, M.; Scorrano, G.; Prato, M. Journal of the American Chemical Society 1993, 
115, 9798. 
(116) Bianco, A.; Gasparrini, F.; Maggini, M.; Misiti, D.; Polese, A.; Prato, M.; Scorrano, G.; 
Toniolo, C.; Villani, C. Journal of the American Chemical Society 1997, 119, 7550. 
183 
 
 (117) Zhang, X. J.; Fan, A.; Foote, C. S. Journal of Organic Chemistry 1996, 61, 5456. 
(118) Prato, M.; Li, Q. C.; Wudl, F.; Lucchini, V. Journal of the American Chemical Society 1993, 
115, 1148. 
(119) Cases, M.; Duran, M.; Mestres, J.; Martín, N.; Solà, M. The Journal of Organic Chemistry 
2000, 66, 433. 
 (120) Neumann, M.; Geckeler, K. E. Reactive & Functional Polymers 1997, 33, 173. 
 (121) Bingel, C. Chemische Berichte-Recueil 1993, 126, 1957. 
 (122) Camps, X.; Hirsch, A. Journal of the Chemical Society-Perkin Transactions 1 1997, 1595. 
(123) Patil, A. O.; Schriver, G. W.; Carstensen, B.; Lundberg, R. D. Polymer Bulletin 1993, 30, 
187. 
(124) Manolova, N.; Rashkov, I.; Beguin, F.; Vandamme, H. Journal of the Chemical Society-
Chemical Communications 1993, 1725. 
 (125) Isobe, H.; Tomita, N.; Nakamura, E. Organic Letters 2000, 2, 3663. 
 (126) Diederich, F.; Isaacs, L.; Philp, D. Chemical Society Reviews 1994, 23, 243. 
 (127) Yurovskaya, M. A.; Trushkov, I. V. Russian Chemical Bulletin 2002, 51, 367. 
 (128) Roger;, T. Lecture Notes On Fullerene Chemistry; Imperial College Press, 1999. 
 (129) Balch, A. L.; Olmstead, M. M. Chemical Reviews 1998, 98, 2123. 
 (130) Tomberli, V.; Da Ros, T.; Bosi, S.; Prato, M. Carbon 2000, 38, 1551. 
 (131) Prato, M. Journal of Materials Chemistry 1997, 7, 1097. 
(132) Bakry, R.; Vallant, R. M.; Najam-ul-Haq, M.; Rainer, M.; Szabo, Z.; Huck, C. W.; Bonn, G. 
K. International Journal of Nanomedicine 2007, 2, 639. 
(133) Dresselhaus, M. S.; Dresselhaus, G.; Charlier, J. C.; Hernandez, E. Philosophical 
Transactions of the Royal Society a-Mathematical Physical and Engineering Sciences 
2004, 362, 2065. 
 (134) Song, T.; Goh, S. H.; Lee, S. Y. Polymer 2003, 44, 2563. 
 (135) Kroto, H. W.; Allaf, A. W.; Balm, S. P. Chemical Reviews 1991, 91, 1213. 
(136) Hummelen, J. C.; Prato, M.; Wudl, F. Journal of the American Chemical Society 1995, 
117, 7003. 
(137) Kasuya, D.; Kokai, F.; Takahashi, K.; Yudasaka, M.; Iijima, S. Chemical Physics Letters 
2001, 337, 25. 
 (138) Weisman, R. B.; Bachilo, S. M. Nano letters 2003, 3, 1235. 
 (139) Strano, M. S. Journal of the American Chemical Society 2003, 125, 16148. 
 (140) Dresselhaus, M. S.; Dresselhaus, G.; Saito, R.; Jorio, A. Physics Reports 2005, 409, 47. 
(141) Jorio, A.; Araujo, P. T.; Doorn, S. K.; Maruyama, S.; Chacham, H.; Pimenta, M. A. Physica 
status solidi (b) 2006, 243, 3117. 
(142) Chamberlain, T. W.; Pfeiffer, R.; Peterlik, H.; Kuzmany, H.; Zerbetto, F.; Melle-Franco, M.; 
Staddon, L.; Champness, N. R.; Briggs, G. A. D.; Khlobystov, A. N. Small 2008, 4, 2262. 
 (143) Vestal, M. L. Chemical Reviews 2001, 101, 361. 
 (144) Schulten, H.-R.; Lattimer, R. P. Mass Spectrometry Reviews 1984, 3, 231. 
(145) Tanaka, K.; Waki, H.; Ido, Y.; Akita, S.; Yoshida, Y.; Yoshida, T.; Matsuo, T. Rapid 
Communications in Mass Spectrometry 1988, 2, 151. 
 (146) Montaudo, G.; Samperi, F.; Montaudo, M. S. Progress in Polymer Science 2006, 31, 277. 
 (147) Hanton, S. D. Chemical Reviews 2001, 101, 527. 
 (148) Nielen, M. W. F. Mass Spectrometry Reviews 1999, 18, 309. 
(149) Lebedkin, S.; Ballenweg, S.; Gross, J.; Taylor, R.; Krätschmer, W. Tetrahedron Letters 
1995, 36, 4971. 
(150) Penn, S. G.; Costa, D. A.; Balch, A. L.; Lebrilla, C. B. International Journal of Mass 
Spectrometry and Ion Processes 1997, 169–170, 371. 
(151) Bianco, A.; Maggini, M.; Scorrano, G.; Toniolo, C.; Marconi, G.; Villani, C.; Prato, M. 
Journal of the American Chemical Society 1996, 118, 4072. 
184 
 
(152) Brown, T.; Clipston, N. L.; Simjee, N.; Luftmann, H.; Hungerbühler, H.; Drewello, T. 
International Journal of Mass Spectrometry 2001, 210–211, 249. 
(153) Hernandez, E.; Meunier, V.; Smith, B. W.; Rurali, R.; Terrones, H.; Nardelli, M. B.; 
Terrones, M.; Luzzi, D. E.; Charlier, J. C. Nano Letters 2003, 3, 1037. 
 (154) Binnig, G.; Quate, C. F.; Gerber, C. Physical review letters 1986, 56, 930. 
 (155) Ramirez-Aguilar, K. A.; Rowlen, K. L. Langmuir 1998, 14, 2562. 
 (156) Song, T.; Goh, S. H.; Lee, S. Y. Macromolecules 2002, 35, 4133. 
 (157) Huang, X. D.; Goh, S. H. Macromolecules 2001, 34, 3302. 
(158) Huang, X. D.; Goh, S. H.; Lee, S. Y. Macromolecular Chemistry and Physics 2000, 201, 
2660. 
 (159) Treubig, J. M.; Brown, P. R. Journal of Chromatography A 2002, 960, 135. 
 (160) Beck, M. T.; Mandi, G. Fullerene Science and Technology 1997, 5, 291. 
 (161) Gunasekaran, S.; Uthra, D. Indian Journal of Pure & Applied Physics 2008, 46, 100. 
(162) Kordatos, K.; Bosi, S.; Da Ros, T.; Zambon, A.; Lucchini, V.; Prato, M. Journal of Organic 
Chemistry 2001, 66, 2802. 
 (163) Buhl, M.; Hirsch, A. Chemical Reviews 2001, 101, 1153. 
 (164) Canet, D.; Robert, J. B.; Tekely, P. Chemical Physics Letters 1993, 212, 483. 
(165) Mancel, D.; Jevric, M.; Davies, E. S.; Schroder, M.; Khlobystov, A. N. Dalton Transactions 
2013, 42, 5056. 
(166) Parish, A. Production and applications of carbon nanotubes, carbon nanofibers, 
fullerenes, graphene and nanodiamonds: A global technology survey and market 
analysis, 2011. 
 (167) Dodabalapur, A.; Katz, H. E.; Torsi, L.; Haddon, R. C. Science 1995, 269, 1560. 
(168) Haddon, R. C.; Siegrist, T.; Fleming, R. M.; Bridenbaugh, P. M.; Laudise, R. A. Journal of 
Materials Chemistry 1995, 5, 1719. 
 (169) Yu, G.; Gao, J.; Hummelen, J. C.; Wudl, F.; Heeger, A. J. Science 1995, 270, 1789. 
(170) Roman, L. S.; Andersson, M. R.; Yohannes, T.; Inganas, O. Advanced Materials 1997, 9, 
1164. 
(171) Garlaschelli, L.; Pasini, D.; Spiaggia, F. European Journal of Organic Chemistry 2005, 
4322. 
(172) Zhu, Y. H.; Bahnmueller, S.; Ching, C. B.; Carpenter, K.; Hosmane, N. S.; Maguire, J. A. 
Tetrahedron Letters 2003, 44, 5473. 
(173) Carano, M.; Corvaja, C.; Garlaschelli, L.; Maggini, M.; Marcaccio, M.; Paolucci, F.; Pasini, 
D.; Righetti, P. P.; Sartori, E.; Toffoletti, A. European Journal of Organic Chemistry 2003, 
374. 
(174) Svensson, M.; Zhang, F. L.; Veenstra, S. C.; Verhees, W. J. H.; Hummelen, J. C.; Kroon, J. 
M.; Inganas, O.; Andersson, M. R. Advanced Materials 2003, 15, 988. 
(175) Howard, I. A.; Mauer, R.; Meister, M.; Laquai, F. Journal of the American Chemical 
Society 2010, 132, 14866. 
(176) Hsieh, C.-H.; Cheng, Y.-J.; Li, P.-J.; Chen, C.-H.; Dubosc, M.; Liang, R.-M.; Hsu, C.-S. 
Journal of the American Chemical Society 2010, 132, 4887. 
(177) Wang, G. W.; Zhang, T. H.; Hao, E. H.; Jiao, L. J.; Murata, Y.; Komatsu, K. Tetrahedron 
2003, 59, 55. 
 (178) Wei, Q.; Nishizawa, T.; Tajima, K.; Hashimoto, K. Advanced Materials 2008, 20, 2211. 
 (179) Kronholm, D. F.; Hummelen, J. C.; Sieval, A. S. USPatent: 2005245606 2005. 
(180) Tryznowski, M.; Tomczyk, K.; Fras, Z.; Gregorowicz, J.; Rokicki, G.; Wawrzynska, E.; 
Parzuchowski, P. G. Macromolecules 2012, 45, 6819. 
(181) Yu, P.; Li, X.; Li, X.; Lu, X.; Ma, G.; Su, Z. Bioorganic & Medicinal Chemistry Letters 2007, 
17, 5605. 
 (182) Jung, J. W.; Jo, J. W.; Jo, W. H. Advanced Materials 2011, 23, 1782. 
185 
 
(183) Tai, Q.; Li, J.; Liu, Z.; Sun, Z.; Zhao, X.; Yan, F. Journal of Materials Chemistry 2011, 21, 
6848. 
(184) Andrew. G. Livingston; Piers. R. J. Gaffney; Renato. C. Vasconcelos; C08G 65/00 ed.; 
Patent, P., Ed. 
 (185) D. F. Kronholm; J. C. Hummelen; A. B. Sieval; Patent, U., Ed. 2005. 
(186) Murdianti, B. S.; Damron, J. T.; Hilburn, M. E.; Maples, R. D.; Koralege, R. S. H.; Kuriyavar, 
S. I.; Ausman, K. D. Environmental Science & Technology 2012, 46, 7446. 
 (187) Watanabe, H.; Matsui, E.; Ishiyama, Y.; Senna, M. Tetrahedron Letters 2007, 48, 8132. 
 (188) Otera, J. Chemical Reviews 1993, 93, 1449. 
 (189) Poller, R. C.; Retout, S. P. Journal of Organometallic Chemistry 1979, 173, C7. 
(190) Yudasaka, M.; Ajima, K.; Suenaga, K.; Ichihashi, T.; Hashimoto, A.; Iijima, S. Chemical 
Physics Letters 2003, 380, 42. 
(191) Simon, F.; Kuzmany, H.; Rauf, H.; Pichler, T.; Bernardi, J.; Peterlik, H.; Korecz, L.; Fülöp, 
F.; Jánossy, A. Chemical Physics Letters 2004, 383, 362. 
(192) Zorbas, V.; Ortiz-Acevedo, A.; Dalton, A. B.; Yoshida, M. M.; Dieckmann, G. R.; Draper, R. 
K.; Baughman, R. H.; Jose-Yacaman, M.; Musselman, I. H. Journal of the American 
Chemical Society 2004, 126, 7222. 
(193) Bergin, S. D.; Sun, Z.; Rickard, D.; Streich, P. V.; Hamilton, J. P.; Coleman, J. N. ACS nano 
2009, 3,8,2340-2350. 
(194) Cheng, Q.; Debnath, S.; Gregan, E.; Byrne, H. J. Physica Status Solidi B-Basic Solid State 
Physics 2008, 245, 1947. 
(195) Bahr, J. L.; Mickelson, E. T.; Bronikowski, M. J.; Smalley, R. E.; Tour, J. M. Chemical 
Communications 2001, 193. 
(196) Niyogi, S.; Hamon, M. A.; Perea, D. E.; Kang, C. B.; Zhao, B.; Pal, S. K.; Wyant, A. E.; Itkis, 
M. E.; Haddon, R. C. Journal of Physical Chemistry B 2003, 107, 8799. 
(197) Bergin, S. D.; Sun, Z.; Rickard, D.; Streich, P. V.; Hamilton, J. P.; Coleman, J. N. Acs Nano 
2009, 3, 2340. 
(198) Pagani, G.; Green, M. J.; Poulin, P.; Pasquali, M. Proceedings of the National Academy of 
Sciences of the United States of America 2012, 109, 11599. 
(199) Barman, S. N.; LeMieux, M. C.; Baek, J.; Rivera, R.; Bao, Z. ACS Applied Materials & 
Interfaces 2010, 2, 2672. 
(200) Hummelen, J. C.; Knight, B. W.; Lepeq, F.; Wudl, F.; Yao, J.; Wilkins, C. L. Journal of 
Organic Chemistry 1995, 60, 532. 
(201) GAF Corporation (New York, N. NMP N-Methyl-2-Pyrrolidone Handbook; GAF 
Corporation (New York, NY), 1972. 
(202) Silverstein, R. M.; Webster, F. X.; Kiemle, D. J. Spectrometric Identification of Organic 
Compounds; seventh ed.; WILEY, 2005. 
(203) Martineau, C.; Blanchard, P.; Rondeau, D.; Delaunay, J.; Roncali, J. Advanced Materials 
2002, 14, 283. 
(204) Meng, X. Y.; Zhang, W. Q.; Tan, Z. A.; Li, Y. F.; Ma, Y. H.; Wang, T. S.; Jiang, L.; Shu, C. Y.; 
Wang, C. R. Advanced Functional Materials 2012, 22, 2187. 
(205) Hasan, T.; Scardaci, V.; Tan, P. H.; Rozhin, A. G.; Milne, W. I.; Ferrari, A. C. Journal of 
Physical Chemistry C 2007, 111, 12594. 
 (206) Scriven, L. E.; Sternling, C. V. Nature 1960, 187, 186. 
(207) Khlobystov, A. N.; Britz, D. A.; Briggs, G. A. D. Accounts of Chemical Research 2005, 38, 
901. 
 (208) Ulbricht, H.; Hertel, T. Journal of Physical Chemistry B 2003, 107, 14185. 
 (209) Britz, D. A.; Khlobystov, A. N. Chemical Society Reviews 2006, 35, 637. 
 (210) Bouchard, D.; Ma, X. Journal of Chromatography A 2008, 1203, 153. 
186 
 
(211) Jeng, J.-Y.; Lin, M.-W.; Hsu, Y.-J.; Wen, T.-C.; Guo, T.-F. Advanced Energy Materials 2011, 
1, 1192. 
(212) Sun, X.; Zaric, S.; Daranciang, D.; Welsher, K.; Lu, Y.; Li, X.; Dai, H. Journal of the 
American Chemical Society 2008, 130, 6551. 
(213) Fagan, J. A.; Simpson, J. R.; Bauer, B. J.; De Paoli Lacerda, S. H.; Becker, M. L.; Chun, J.; 
Migler, K. B.; Hight Walker, A. R.; Hobbie, E. K. Journal of the American Chemical Society 
2007, 129, 10607. 
 
 
